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Chapter 1. Background: potential application of ketogenic diet to metabolic status 
and exercise performance 
This chapter is published as an article in EC nutrition as: Ma, S., & Suzuki, K. 
Potential Application of Ketogenic Diet to Metabolic Status and Exercise Performance: 
A Review. EC Nutrition. 2018, 13(6). 469-499. 
1.1 An overview of ketogenic diet (KD)  
Ketogenic diet (KD) is a nutritional approach consisting of high-fat, an adequate 
amount of protein, whereas carbohydrate is insufficient for metabolic demands. The 
initial employment of KD was the treatment for epilepsy, but studies have shown that 
KD may play various roles clinically, e.g. weight control, diabetes treatment, pain and 
inflammation treatment, cancer treatment, as well as a nutrition approach for common 
individuals or trained athletes. Glucose-induced metabolic activities in a classic KD diet 
should count for less than 5% of daily calorie intake [1,2]. Carbohydrates fail to 
maintain the circulation of oxaloacetate required for the Kreb’s cycle, therefore pushing 
body to adopt fat-centered metabolism. Ketogenesis is the process when fat-adaptation 
happens, during which fatty acids are converted in mitochondria by β-oxidation into 
acetyl-CoA, then converted into ketone bodies (KB). KB consists of acetoacetate 
(AcAc), 3-hydroxybutyrate (3-HB), and a small amount of acetone, the main energy 
source during ketosis, and a term to define this metabolic stage. Adaption of KB 
utilization could liberate more available energy than glucose adaptation. Though the 
effect of KD on weight control is undeniably strong, the effect of KD on metabolic 
response is divided. Due to restriction, human trials often fail to investigate thoroughly 
the underlying mechanism, whereas animal studies may dissatisfy the clinical demands. 
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Here, we reviewed both exercise-based human trials and animal studies for the 
underlying mechanisms both over the past 10 years (2007 - 2018), trying to get a 
glimpse of how KD plays its role in the metabolic process. 
 
Figure 1.1. Advantages and disadvantages of high carbohydrate, low fat diet mode and  
low carbohydrate, high fat diet mode. 
1.2 Effects of KD on energy expenditure, body composition and weight control 
In a study conducted in 2007, mice were fed by KD for 9 weeks. Despite calorie 
intake being the same in the KD and chow or high-fat diet (HFD) groups, oxygen 
uptake in the KD group was enhanced, indicating an up-regulated calorie expenditure. 
At the end of this study, KD mice attained an average weight of 23g. Absolute fat mass 
sustained whereas lean mass was decreased by KD [3]. In another study conducted by 
the same group, when switched to KD from HFD for 12 weeks, the average weight fell 
dramatically in nearly 2 weeks (From 38 ± 1.90 g to 29.9 ± 0.58 g). Oxygen uptake was 
higher in the KD group compared to HFD (increased 34% by KD diet compared to 
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HFD). Juvenile Sprague-Dawley (SD) rats fed by KD for 2 weeks showed a slow-gain 
in weight; whereas rats fed by control diet gain approximately 100 g weight in 2 weeks, 
rats fed by KD gained approximately 70 g weight [4]. Another study, also conducted for 
12 weeks showed that relative body fat had not been increased by KD, but the within 
group comparison revealed that the latter 6 weeks exhibited an increase of absolute fat 
free mass, from around 18 g to 20 g [5]. Absolute and relative omental adipose tissue 
mass as well as adipocyte size were lower in KD rats after 6-week feeding, whereas for 
brown adipose tissue only absolute mass decreased, with the size and relative mass 
remaining the same [6]. Interestingly, a study in 2014 conducted on C57BL/6 mice 
reported a regain of weight from the 5th week of KD administration, matching weight 
of the control group mice from the 10th week, until the end of the 22nd week [7]. 
Although the mechanisms are not very clear at present, the effects of KD on extra 
energy expenditure and weight loss are undeniably strong. 
1.3 Effects of KD on appetite-related factors 
In mouse models, blood leptin concentrations remained the same for mice fed by 
HFD or KD for 5 weeks, each of which was previously fed by a 12-week HFD 
previously [3]. Appetite-related properties, melanin-concentrating hormone (MCH), 
neuropeptide Y (NPY), agouti gene-related protein (AGRP) and proopiomelanocortin 
(POMC) were not changed by continuous KD feeding [3]. However, when experiencing 
KD feeding switched from HFD to KD, MCH, NPY, and AGRP rose compared to 
chow-fed group, whereas POMC decreased. Serum leptin was found to be nearly 3-fold 
higher in the KD group, whereas ghrelin remained the same [3]. In support of this study, 
another study conducted in Long Evans rats fed by KD for 6 weeks showed increased 
leptin concentrations in the blood; however, though NPY mRNA was not changed by 
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KD, POMC mRNA was lower, indicating down-regulated appetite [8].  
1.4 Blood biomarkers, inflammatory markers and other effects of KD 
Non-esterified fatty acid (NEFA), alanine transaminase (ALT) and 3-HB rose in 
mice fed 9-week KD [3]. Glucose was lower in KD-fed mice. Cholesterol was not 
observed to be changed by 7-week or 9-week KD feeding. Insulin was reduced after 
9-week KD feeding [3]. Hepatic inflammatory markers interleukin (IL)-1, tumor 
necrosis factor-α (TNF-α) and CC chemokine ligand (CCL) 2 in KD-feeding mice were 
higher compared to chow diet feeding. In adipose tissue, IL-6 was significantly lower, 
but plasminogen activator inhibitor-1 (PAI-1) was significantly higher [5]. Monocyte 
chemotactic protein-1 (MCP-1), IL-1β and IL-6 were found to be increased in blood 
after 22-week KD feeding [7]. Hindpaw inflammatory swelling and thermal nociception 
are reported to be attenuated by KD in juvenile and adult rats [9]. Similarly, Wistar rats 
fed by KD for 2 weeks before lipopolysaccharide (LPS) administration, display 
alleviated fever and lower concentrations of pro-inflammatory cytokine IL-1β, TNF-α 
but not prostaglandin (PG) E2 circulating in the blood. These reports indicate 
anti-inflammatory properties of KD [10]. In a recent report, C57BL/6 mice assigned to 
KD for one year increased median life span and survival compared to controls, as well 
as improved physiological function [11]. Glucose tolerance in ob/ob mice is reported to 
be improved [12]. In another recent study, when combined with aerobic training, hepatic 
steatosis could be prevented and insulin sensitivity was improved concurrently, with 
6-week KD feeding [13].  
1.5 KD and exercise  
KD enhanced exercise capacity in untrained human subjects in an article published 
in 2007 [14]. KD increased maximal oxygen uptake and improved lactate threshold in 
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off-road cyclists, and cycling time was improved by nutritional ketosis [15,16]. Six 
second sprint and critical power test performance in well-trained athletes was enhanced 
by KD [17]. However, KD may also result in a reduction of performance. In a pilot case 
study of endurance athletes, KD failed to enhance endurance capacity or body 
composition and well-being [18]. An increase in perceptions of fatigue, and a direct 
relationship between blood ketone body (KB) and fatigue induced by KD were also 
reported in well-trained athletes [19]. In an animal study, KD did not impair the acute or 
chronic hypertrophic responses to resistance exercise [20]. In another recent animal 
model, KD-fed mice showed enhanced endurance exercise capacity without aggravated 
muscle injury [21]. The potential mechanism can be attributed to the keto-adaptation. 
The KD also showed a potential preventive effect on organ injuries induced by acute 
exhaustive exercise, and is promising for endurance exercise [21].  
1.6 Key genes and enzymes during ketosis  
Hepatic metabolism and energy expenditure are altered remarkably by KD. 
Fibroblast growth factor 21 (FGF21), regulated by peroxisome proliferator-activated 
receptor α (PPARα), is shown to be a key regulator during ketosis, since mice lacking 
FGF21 present ineffective keto-adaptation. Skeletal muscle is another major organ 
involved with ketosis [21]. In a study conducted in male mice, both fatty acid oxidation 
and exercise performance were reduced in muscle peroxisome proliferator-activated 
receptor γ coactivator 1-α (PGC-1α) deficient mice, suggesting that PGC-1α is also a 
key factor in physiological ketosis, and KD-adapted exercise [22]. Uncoupling protein 
(UCP)-1 protein and UCP2 mRNA expression were both enhanced by long-term KD in 
the liver and adipose tissues [3], indicating increased thermogenesis by KD. However, 
another study showed that brown adipose tissue UCP-1 did not change [20]. 
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Interestingly, β-adrenergic receptor deficient mice failed to lose weight, whereas 
circulating FGF21 was nearly 3-fold compared to the wild type mice [21]. In another 
study conducted in SD rats, 6-week KD and voluntarily resistance-loaded wheel 
running were assigned but mitochondrial complex 2 substrates played a critical role 
when separated from gastrocnemius and this complex presented higher respiratory 
control ratio [23].  
1.7 Adverse effects of KD  
KD was reported to cause hepatic insulin resistance in several studies, which could 
be attributed to increased hepatic diacylglycerol content that may lead to impaired 
insulin signaling. Hepatic steatosis and inflammation, as well as increased endoplasmic 
reticulum (ER) stress were found in mice fed by 12-week KD: increased accumulation 
and size of F4/80+ macrophages were found in 12-week KD-fed mice, indicating local 
inflammation; apoptosis-related gene X-box binding protein 1 (Xbp1) was found to 
increase in liver, indicating ER stress and hepatocyte apoptosis; histological study 
showed that KD induced obvious fat vacuoles [5]. As the primary site for lipid 
metabolism, patients with impaired hepatic function such as nonalcoholic fatty liver 
disease should be cautious. Pancreas α-cell and β-cell masses were both reduced 
following a 22-week KD administration, thus leading to glucose intolerance [7]. 
Restricted intake of carbohydrate-enriched fruits or cereals may induce headache, 
according to several ketogenic diet studies [25, 26]. Multi-task test that requires higher 
mental processing may be adversely affected by ketogenic diet according to a study 
[27].  
1.8 Conclusions  
KD has been used for nearly a century as a treatment for epilepsy; however, in the 
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recent decades other virtues of KD were discovered. Amongst these virtues, obesity 
treatment is the most thoroughly discussed. In this review, the potential applications of 
KD to metabolic states such as energy homeostasis and weight control, appetite 
adjustment, anti-inflammatory potential and exercise performance were summarized. It 
must be mentioned that deleterious consequences can occur from KD, as it may cause 
glucose intolerance, and adverse effects of KD on the liver should be considered. Some 
refined and restricted applications should be done. Further investigations should be 
considered and wide-spread application of KD is preferred in the future.  
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Chapter 2. Effect of an 8-week high fat, low carbohydrate ketogenic diet on 
endurance capacity and organ damage prevention immediately after exhaustive 
exercise 
This chapter is published as an article in Nutrients as: Ma, S., Huang, Q., Yada, K., 
Liu, C., & Suzuki, K. An 8-Week Ketogenic Low Carbohydrate, High Fat Diet 
Enhanced Exhaustive Exercise Capacity in Mice. Nutrients 2018, 10(5), 673. 
2.1 Introduction 
Fat has played a dominant role in human life since the antediluvian period, where 
primary fuel came from meat and fat gathered or hunted by hunters. However, 
agriculture shifted meat-consumption to mainly starch consumption. Human calorie 
intake thus changed from fat into carbohydrates, since large quantities of farm products 
could be obtained using cultivating techniques. Modern food preserving techniques such 
as freezing, canning and irradiation extend the shelf life of food, but in the long term, 
the human body still stores energy in the form of fat. 
A classic definition of ketogenic diet (KD) is a nutritional approach consisting of 
hyper-fat, an adequate amount of protein but insufficient level of carbohydrates, which 
means the share of glucose-induced metabolic activities should constitute less than 5% 
of daily calorie intake, or for humans, ~20 g per day [1,2]. KD is an effectively 
implementation of fat-adaptation. The below-average amount of carbohydrates failed to 
maintain the circulation of oxaloacetate or satisfy the demand of Kreb’s cycle; therefore, 
neither glucose oxidation nor fat oxidation could continue its adequate supply. In this 
situation, the energy supply system shifted into ketone bodies (KB), including 
acetoacetate (AcAc), 3-hydroxybutyrate (3-HB), and a small amount of acetone, all of 
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which are generated from ketogenesis, a process converse acetyl-CoA, synthesized in 
mitochondria by β-oxidation of fatty acids, the main energy source during ketogenic 
diet. KB could help mitochondria to produce more ATP, thus an adapted utilization of 
KB released more available energy than glucose utilization. This successful adaptation 
of KB utilization was firstly used by Krebs, he termed it as “physiological ketosis” [3].  
Due to modern science, a considerable amount is now known about metabolism 
during starvation, satiety, rest and exercise [4]. Experiencing physiological ketosis 
means that the body becomes successful at fat utilization, indicating reduced lipogenesis 
and increased lipolysis and fat oxidation. Benefiting from above, effect of KD on 
weight control is undeniably effective [5–10]. 
Since fat reserves are suggested as a potentially rich source of energy for exercise, 
many attempts have been made to harness fat-utilization as a strategy to improve 
exercise performance. However, studies investigating KD in endurance exercise 
capacity have shown contradictory results [11–28].  
Decades ago, several ketogenic, fat utilization and adaptation trials failed to enhance 
exercise performance in human individuals. Back to 1970, Pruett and colleagues 
assessed how standard diets (31% fat), fat-enriched diets (64% fat) or 
carbohydrate-enriched diets (8% fat, 82% carbohydrate) contributed to endurance bout 
test. In this study, adaptation to fat failed to enhance exercise capacity [11]. In 1983, 
Phinney and colleagues conducted a 4-week fat-adaptation and cycling capacity test 
trial in human individuals [12]. Though they failed to increase the endurance capacity in 
these studies, they expanded horizons for study into low carbohydrate, high fat diets 
(LCHF) or KD application to athlete diets.  
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Researches focused on LCHF or KD for endurance capacity were carried out 
afterwards, but these researches achieved mixed conclusions. They were all undertaken 
on trained athletes. Two of them managed to enhance endurance capacity, but their 
experimental designs have obvious flaws [13,14]. In Muoio’s study, diet was not 
administered randomly, while the fat percentage was relatively low (38% of total energy 
intake). In both Muoio and Lamberts’ studies, more than one exercise test were 
performed, but the intervals between them were very short, which may have affected the 
results. However, in 1999, when Lambert et al. once again conducted a fat-adaptation 
study in endurance cyclists, they found a 5~10-day fat ingestion could contribute to 
substrate mobilization without significant impact on exercise performance in 40-km 
cycling [15]. The door of fat-loading has been shut once, as Burke et al. putting the 
conclusion as “a nail in the coffin” after all these trials lead a clear enhancement in 
athletes [16]. However, a subsequent paper by Burke et al. suggested that it was 
important to have another look at this topic [17]. Consequently, new claims currently 
discuss the feasibility of fat adaptation on enhancement of sports performance. The 
study of LCHF or KD application in athletes was on its way to reaching a second place 
[17–22].  
It is clearly interesting to find a possible connection between fat adaptation and 
exercise performance. Consequently, some studies conducted in humans have provided 
interesting results. Wycherley and colleagues showed that KD enhanced exercise 
capacity in untrained human subjects in an article published in 2007 [23]. In 2014, 
Zajac and colleagues reported that KD increased VO2 max and improved lactate 
threshold in off-road cyclists [24]. In 2016, researchers from United Kingdom and 
United States of America reported that cycling time was improved by nutritional ketosis 
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[25]. In 2018, McSwiney et al. found that keto-adaptation enhanced six-second sprint 
and critical power tests in well-trained athletes [26]. On the contrary, in a study in 2017, 
conducted by Zinn et al., in a pilot study of New Zealand endurance athletes, KD failed 
to enhance endurance capacity along with an increased benefit in body composition and 
well-being [27]. Meanwhile, LCHF showed impairment of exercise economy and 
performance benefit from intensified training in a group of elite race walkers, according 
to a research conducted in 2017 [28]. On the other hand, White and colleagues reported 
an increase of perception of fatigue and a direct relation between blood KB and fatigue 
by KD [29]. To investigate the effect of KD on endurance exercise capacity in depth, we 
designed a two-month KD-adapting experiment in mice, after which we conducted a 
single-blind maximum endurance capacity test (MECT) using the treadmill and 
undertook blood biochemistry and tissue analyses. To investigate whether KD would 
affect fatigue recovery, we enriched this study with an open-field test immediately or 24 
hours after the MECT. 
2.2 Materials and methods 
2.2.1 Mouse Maintenance and Diets 
Male C57BL/6J mice (n = 35) were purchased from Takasugi Experimental Animals 
Supply (Kasukabe, Japan) at 7 weeks of age. Four or five animals were housed together 
in 1 cage (27 × 17 × 13 cm) in a controlled environment under a light–dark cycle (lights 
on at 0800 and off at 2000). The experimental procedures followed the Guiding 
Principles for the Care and Use of Animals in the Academic Research Ethical Review 
Committee of Waseda University and were approved (10K001). All mice were 
randomly divided into four groups: chow diet (control: Con), including chow diet, 
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sedentary (n = 8) and chow diet plus exercise (Con + Ex, n = 9), ketogenic diet (KD), 
including KD, sedentary, n = 9, and KD plus exercise (KD + Ex, n = 9) groups. A KD 
diet TP-201450 (consisting of 76.1% fat, 8.9% protein and 3.5% carbohydrate, 7.342 
kcal/g) and a chow diet AIN93G (consisting of 7% fat, 17.8% protein and 64.3% 
carbohydrate, 3.601 kcal/g) were obtained from Trophic (TROPHIC Animal Feed 
High-tech Co., Ltd., Nantong, China). Mice were maintained on ad libitum chow diet or 
KD.  
2.2.2 Endurance Capacity Test Protocol 
One week before exhaustive exercise, all mice were accustomed to treadmill running 
at 15 m/min for 10 min. The endurance test was performed on a motorized treadmill 
(Natsume, Kyoto, Japan). That is, mice in the Con + Ex and KD + Ex groups were 
subjected to treadmill running at 10 m/min for 15 min, followed by 15 m/min and 20 
m/min for 15 min each, and then 24 m/min and 7% grade until exhaustion. The 
exhaustion was defined as the inability to continue regular treadmill running despite the 
stimulation of repeated tapping on the back of the mouse. The running time of exercised 
mice was recorded. Immediately after the exhaustion, mice were terminated under light 
anesthesia with the inhalant isoflurane (Abbott, Tokyo, Japan). Blood samples were 
taken using heparin from the abdominal aorta under inhalant isoflurane-induced mild 
anesthesia, and tissues and organs were immediately excised and frozen in liquid 
nitrogen. Plasma was obtained from blood samples by centrifugation at 1500 g for 10 
min at 4 °C. These samples were stored at −80 °C until analyses.  
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2.2.3 Plasma Biochemical Assessment 
Plasma levels of glucose, non- esterified fatty acids (NEFA), triglyceride (TG), lipase, 
aspartate transaminase (AST), alanine transaminase (ALT), creatine kinase (CK), lactate 
dehydrogenase (LDH), blood urea nitrogen (BUN), total cholesterol (CHO), 
high-density lipoprotein cholesterol (HDL), low-density lipoprotein cholesterol (LDL) 
and albumin were measured by Koutou-Biken Co. (Tsukuba, Japan). A commercial 
assay kit was employed to measure β-hydroxybutyrate concentration (Cayman, MI, 
USA).  
2.2.4 Statistical Analysis 
Data are presented as means ± standard deviation (SD). For comparison of means 
between two groups, Student’s unpaired t-test was performed. A two-way analysis of 
variance (ANOVA) was performed to determine the main effects of diet and/or exercise. 
Statistical analysis was done using Graphpad 7.0 (Graphpad, Ltd., La Jolla, CA, USA). 
When this analysis revealed significant interaction, Tukey’s post-hoc test was 
performed to determine the significance among the means. Statistical significance was 
defined as p < 0.05. 
2.3 Results and Discussion 
2.3.1. Food Intake and Weight Change Following an 8-Week KD Diet 
As shown in Figure 2.1, consistent with previous findings, the weight of mice in KD 
groups became significantly lower after eight weeks compared with chow-feeding mice. 
The initial average weight of mice was 23.4 g, when they were eight weeks old after 
one-week adaptive feeding with the same chow, but after KD loading started, mice lose 
an average of 2.2 g compared to the initial weight in one week, and experience 
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consisting weight loss when compared with mice in the chow groups. Since the first 
week, mice on chow feeding put on weight slowly, but KD feeding tended to maintain 
the same weight until their termination. At the end of the study, KD mice had an average 
weight of 21.8 g, whereas the mice on chow feeding was 27.1 g. KD mice dropped 7% 
of weight after eight-week KD feeding, whereas the controls put on 16% of their initial 
weight. When matched with the same older mice, KD mice consumed more calories, 
which did not correlate with weight gain. These results were consisting with other 
studies. In a 60-day KD feeding study, mice were 6.0 g lower in weight than the 
controls [9]. In a 12-week study, mice maintained on KD exhibited decreased weight 
compared with chow-fed diet, despite KD-feeding mice did intake much more calories 
[30]. Water consumption did not vary between groups (data not shown). In human trials, 
a meta-analysis analyzed thirteen trials and concluded that individuals assigned to a KD 
showed decreased body weight (weighted mean difference −0.91 (95% CI −1.65, −0.17) 
kg, 1415 patients) [31]. 
Dietary macronutrient composition remains a classic debate topic. KD is associated 
with weight loss and metabolic parameter improvement in obese objects, normal 
individuals and even athletes. Despite limited carbohydrate and protein consumption, 
the rodents tolerated this feeding well, and we did not observe abnormal phenomena 
during the study. Both feedings were provided ad libitum, and it was confirmed that 
KD-fed mice received adequate energy for daily life and were able to take an endurance 
test.  
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Figure 2.1. Effects of different diet feeding on weight and energy intake. A: 8-week of 
ketogenic diet (KD) feeding led to significant weight loss. * p < 0.01, compared with KD 
week 1. @ p < 0.01 compared with chow week 1. # p < 0.01 compared with chow of the 
same week. B: Food intake (daily, individually) variation throughout the experimental period. 
* p < 0.01, compared with chow of the same week. C: Caloric intake was greater in 
KD-feeding mice than in chow diet-feeding mice. * p < 0.001 vs. chow. 
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2.3.2 Absolute and Relative Tissue or Organ Weight of Animals 
Absolute tissue or organ weight differed by diet effects. As shown in Figure 2.2, 
among them, fat (epididymal adipose tissue) of KD mice weighed more than the control 
group. Liver, muscle and kidney were lighter by KD than the control group. Brown fat 
(brown adipose tissue) and spleen did not differ significantly. The decrease in several 
organs or tissues may explain the decrease of total body weight. Garbow et al. reported 
no significant increase of body fat rate and a decrease in fat-free mass rate during a 
12-week KD feeding under sedentary condition [31]. In another six-week KD study, rats 
subjected to a voluntary wheel running showed a significant decrease in epididymal 
adipose tissue weight, and this may be due to enhanced metabolism of KD [32]. The 
comparison of results from the present study and with previous studies leads us to 
suspect that KD combined with exercise training may obtain interesting results. The 
liver plays a key role in substrate availability and metabolism [33,34,35]. During fasting, 
the liver synthesizes glucose and metabolizes fatty acids, providing metabolic profiles. 
Hepatic metabolism is suspected to play an important part during KD-induced ketosis, 
which is usually considered to be similar to fasting. A high-fat diet like KD is always 
criticized for its risk to cause hepatic adipose infiltration. However, results here provide 
a low probability for lipidosis. Further investigation should be used to verify whether 
KD causes adipose infiltration. 
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Figure 2.2 Organ mass/body mass rate of mice. * p < 0.05, *** p < 0.001 vs. chow. Fat: 
epididymal adipose tissue weight; muscle: gastrocnemius muscle tissue. Brown fat: brown 
adipose tissue. Fat, muscle and kidney were average of bilateral organ or tissue weight.  
2.3.3. Effect of KD on Endurance Exercise Performance in a Treadmill Running Test 
As shown in Figure 2.3, the endurance capacity of mice subjected to the treadmill 
running test was significantly changed by KD. To decrease bias, the test was designed to 
be double-blind, meaning the experimenters did not determine the time taken to achieve 
exhaustion. As a result, mice subjected to control feeding ran up to 243 ± 60 min till 
exhausted, whereas KD-feeding mice achieved 289 ± 67 min. In our previous study, 
exhaustion in C57BL/6J fed by the chow-diet was approximately the same [36]. This 
consistency and stability enhanced the reproducibility of this study. In a recent review 
article of international society of sport nutrition stressed that KD-induced fat adaptation 
may increase the ability for body to use fat as fuel and should be given attention to its 
performance-improving potential [37]. However, after reviewing an article about a 
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protein and calorie-matched comparison of a KD and a Western diet model, this guide 
concluded that KD may be less effective for strength training. This may be due to the 
relatively low levels of protein in traditional KD to avoid gluconeogenesis. It is 
suggested that increase of the lipid pool in adipose tissue might offer abundant fuel for 
endurance exercise. Another possibility would be increasing the utilization of lipids 
through the effects of lipoproteins. Based on these results and hypothesis, we screened 
targeted biochemistry analysis. 
 
Figure 2.3. Performance of mice subjected to a chow-diet or ketogenic diet (KD). * p < 0.05, 
compared with the control group. n = 17 for each group. 
2.3.4. Effects of KD on Plasma Cholesterol, Glucose, NEFA, TG, LDL, HDL and 
β-hydroxybutyrate Immediately after Endurance Exercise 
As shown in Figure 2.4, glucose was significantly decreased by exercise in the 
chow-feeding group, but not in the KD group. This might be attributed to the low 
coefficient of utilization in the KD mice, which mainly maintained a supply system 
largely powered by fat. 
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Table 1. Effect of KD feeding and/or exercise on β-hydroxybutyrate concentration. 
 Con Ex KD KD + Ex 
β-hydroxybutyrate, 
mmol/L 
0.29 ± 0.038bc 2.8 ± 0.52ad 2.4 ± 0.64ad 0.72 ± 0.10bc 
Data are presented as means ± SDs. p < 0.05 compared with Con(a)-, Ex(b)-, KD(c)- 
and KD + Ex(d). Con, Ex, KD and KD + Ex stand for chow diet, chow diet plus exercise, 
ketogenic diet and ketogenic diet plus exercise. 
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Figure 2.4. Plasma biochemistry results after KD feeding and immediately after exhaustion 
as indicated. A-F: Concentration of plasma glucose, non-esterified fatty acids (NEFA), 
triglyceride (TG), lipase, cholesterol (CHO), high-density lipoprotein cholesterol (HDL) and 
low-density lipoprotein cholesterol (LDL). * p < 0.05, ** p < 0.01 and *** p < 0.001. 
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Non-esterified fatty acids (NEFA) were elevated by exercise in the control group but 
decreased by exercise in the KD group. Additionally, during base line, NEFA 
concentration is elevated by KD, and was significantly lower after exercise in the KD 
group compared with chow. Immediately after exercise, the concentration of TG was 
significantly lower in the KD group. These results combined showed that FFA and TG 
were utilized sufficiently during exercise in the KD group [38-40]. 
CHO, LDL and HDL were significantly elevated by KD, and CHO and LDL were 
increased by exercise. LDL and HDL are components of CHO. There is a direct 
relationship between chronically elevated LDL levels (dyslipidemia) and coronary heart 
disease. LDL is prone to be oxidized, and excessively oxidized LDL may cause 
aggregation and precipitation in the artery, leading to arteriosclerosis. HDL removes 
cholesterol to the liver, and radiography studies have shown that a high content of HDL 
may predict a low probability of vascular lumen stenosis. Recent studies have carefully 
examined how exercise alone could lower CHO and LDL. First, exercise stimulates 
enzymes that help move LDL from the blood (and blood-vessel walls) to the liver. From 
there, the cholesterol is converted into bile (for digestion) or excreted. Second, exercise 
increases the size of the lipoproteins and finally LDL is turned into HDL. Several 
studies reported that KD resulted in high CHO, although our results showed that KD 
were involved with the elevation of LDL and HDL, both components of CHO [41,42]. 
β-hydroxybutyrate mainly comes from the oxidation of fatty acids and is exported to 
peripheral tissues for energy supply. Accounting for approximately 75% of the ketone 
bodies in blood, the significant higher concentration of β-hydroxybutyrate in the Ex and 
KD groups indicated utilization of fat or ketosis [8,33]. As shown in Table 1, elevated 
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concentration of β-hydroxybutyrate indicates that mice were exercised to exhaustion, 
whereas after exhaustive exercise, the concentration of β-hydroxybutyrate in the KD 
feeding group decreased significantly, indicating the capacity of keto-adapted mouse to 
utilize ketone bodies. Since ketone bodies are dramatically used by KD group, 
β-hydroxybutyrate concentration dropped dramatically after exercise. 
2.3.5 Effects of KD on Plasma Albumin, AST, ALT, Lipase, Amylase, CK, LDH, UA 
and BUN Immediately after Endurance Exercise 
Effects of KD on plasma albumin, AST, ALT, lipase, amylase, CK, LDH, UA and 
BUN immediately after endurance exercise were shown in Figure 2.5. AST, also known 
as glutamic oxaloacetic transaminase (GOT), and ALT, also known as glutamic pyruvic 
transaminase (GPT) were employed as hepatic damage markers [44–46]. They were 
both elevated by exercise, and in the post-exercise stage, ALT was significantly 
decreased by KD, indicating that KD may contribute to protecting the liver from 
exercise-induced hepatic damage. Several studies reported that long-term KD may 
cause endoplasmic reticulum (ER) stress and apoptosis. In our study, however, KD did 
not undermine hepatic health, apparently being dependent on the results obtained by 
other studies [31,33,34].  
Lipase and amylase are enzymes which catalyze fat or starch into NEFA, glycerol and 
glucose. Lipase was decreased by KD. During high-fat feeding, demands for an 
effective fat utilization system are important. This may strengthen the transportation of 
fat and NEFA or ketone bodies by blood and into organs and tissues that are important 
in both catabolism and synthesis such as liver and muscle. Due to keto-adaptation, some 
organs or tissues are forced to utilize ketone bodies, since glucose fails to sustain the 
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energy supply. NEFAs are transported by binding to albumin in the blood, and they are 
re-synthesized into TG as a pool, safe to store, and readily available. In the muscle 
tissue, it is called intramuscular TG (IMTG), where TG is accumulated into little lipid 
drop, and lipases including adipose triglyceride lipase (ATGL) and hormone sensitive 
lipase (HSL) conjunction with the lipid drops catalyze them into NEFAs and glycerol 
[47–50]. Keto-adapted mice possess an enhanced ability in fat-utilization, including 
metabolism, catabolism and transportation, allowing them to increase their exercise 
endurance. It may be interesting to study the underlying molecular mechanisms among 
keto-adaptation during exercise. 
Amylase was enhanced by exercise but decreased by KD. As discussed above, a 
restricted carbohydrate supply and abundant fat supply combine to cause 
keto-adaptation. This adaptation mechanism weakened the glucose-powered energy 
supply system. The weakened role of amylase may result in its low concentration in the 
blood. Exercise demands energy, which may be why amylase increases in the blood 
during exercise, giving the credit for strengthened secretion function of this enzyme in 
the pancreas. Permeability of various organs rises during endurance exercise, and that 
may be another possible cause for elevated amylase concentration [51,52]. 
Creatine kinase (CK), also known as creatine phosphor kinase (CPK) and lactate 
dehydrogenase (LDH) were employed as muscle damage markers. In the present study, 
they both increased due to exercise, and thus KD failed to protect muscle damage. 
However, decreased absolute weight did not worsen the damage, according to our 
results. This may be a useful result for endurance athletes such as those in marathons or 
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long-distance cycling, since muscle damage is common among such athletes. However, 
the practicability of these studies in athletes needs to be investigated further.  
BUN was employed as a kidney injury marker, as well as an indicator of exercise 
tolerance. At the same time, it is also a protein degradation marker [53,54]. BUN was 
significantly lower in the KD groups, but this effect was enhanced by exercise. This 
may be partly attributed to the lower protein content in the KD. Studies on 
exercise-induced organ damage showed that during exhaustive exercise, acute kidney 
injury or acute renal failure may occur. Whether the KD has the potential to protect the 
kidney from renal damage may be an interesting point for further investigation. A study 
conducted this year claimed that a 21 d-KD did not affect the acid-base status in elite 
athletes, indicating that KD had a minimum effect on renal function even during 
constant use [55]. Although these indicators were not measured in this study, we should 
clarify that KIM-1, creatine and acid-base status are also markers for exercise-induced 
renal injury, and future studies should focus on them to find out whether KD could 
potentially change these markers. 
Results in this part clarified how KD interacted with blood biomarker alterations 
during endurance exercise. The network of cytokines, chemokines, myokines and 
adipokines interact closely and in a complex way with exercise and inflammation [56, 
57]. Further investigations need to be undertaken. 
 27 
 
Figure 2.5. Plasma biochemistry results after KD feeding and immediately after exhaustion 
as indicated. * p < 0.05, ** p < 0.01 and *** p < 0.001. 
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2.3.6. Correlations among Running Time and Weight, Blood NEFA, Amylase or Lipase 
As shown in Figure 2.6, the relation between weight and exercise performance shows 
different patterns between the chow and KD groups. The smaller the mice are, the more 
‘time to exhaustion’ increased, but here we found no significance. KD-feeding mice 
were generally smaller than chow-feeding mice, and surprisingly, we found more 
significance here in relation to their weight. The exercise capacity is prolonged when 
subject is relatively bigger. We considered the weight of the KD mice alongside their 
capacity to utilize fat and ketone body, and this increased compared to chow-feeding 
subjects. However, KD may not apply to every individual, since low-weight subjects 
showed low fat adaptation ability, and had worse endurance. Blood NEFA and amylase 
failed to be associated with exercise capacity. However, lipase concentration declined 
when matched with running time in both groups, though the starting concentration 
greatly differed between groups. This could be due to the increasing demand of fat 
during prolonged exercise; therefore blood lipase was transported and absorbed into the 
interspace between muscle fibers and adipocytes, hydrolyzing TG stored in the 
muscular pool (IMTG) or adipocyte fat pool, thus resulting in a decrease in the blood. 
Since there are abundant studies reporting ALT, AST, LDH and CK being closely 
correlated with exercise time, thus, this will not be elaborated about it here. In another 
animal study, short- and long-term KD-feeding improved several liver oxidative stress 
markers, showing that the anti-oxidative potential of KD may also enhance endurance 
exercise [58]. Muscular fat oxidation capacity may also play a key role during 
endurance exercise, and the mechanism of this needs further study [59]. 
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Figure 2.6. Correlations between (A) mice weight and running time, (B) blood non-esterified 
fatty acids (NEFA) concentration and running time, (C) blood amylase concentration and 
running time, and (D) blood lipase concentration and running time. p < 0.05 is found between 
KD mice weight and KD running time. 
2.4. Conclusions 
In this study, an eight-week ketogenic high-fat, low-carbohydrate diet increased the 
capacity of endurance exercise in mice without aggravating muscle injury, despite the 
decrease of absolute muscle volume. The potential mechanism is most possibly the 
enhanced ability to transport and metabolize fat. Apart from this, KD showed potential 
to protect liver and kidney from acute exercise-induced injuries. These data suggest that 
KD may contribute to prolonged-exercise capacity. 
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Chapter 3. Effect of an 8-week high fat, low carbohydrate ketogenic diet on fatigue 
recovery, post-exercise biomarkers and anti-oxidation capacity 
This chapter is published as an article in Nutrients as: Huang, Q., Ma, S., Tominaga, 
T., Suzuki, K., & Liu, C. An 8-Week, Low Carbohydrate, High Fat, Ketogenic Diet 
Enhanced Exhaustive Exercise Capacity in Mice Part 2: Effect on Fatigue Recovery, 
Post-Exercise Biomarkers and Anti-Oxidation Capacity. Nutrients 2018, 10(6), 1339. 
 
3.1. Introduction  
Marathons and prolonged endurance exercises are usually accompanied by fatigue 
and tissue/organ damage, e.g., muscle damage, acute kidney injury and hepatic 
dysfunction [1-3]. Several markers are employed for exercise-induced tissue/organ 
damage, such as aspartate transaminase (AST), alanine transaminase (ALT) and 
γ-glutamyl transpeptidase (γ-GTP) for hepatic damage, creatine kinase (CK) and lactate 
dehydrogenase (LDH) for muscle damage, blood urea nitrogen (BUN) and creatinine 
for renal damage, and amylase and lipase for pancreas permeability [4-8]. To counter 
the negative impacts of endurance exercise-induced injuries, nutritional approaches, 
such as sports supplements, and macro- or micronutrients administration, are often 
adopted [5,9-11]. 
Fatigue means inability of continuous exercise, inducing secondary exercise 
intolerance. Accumulation of different metabolites, such as lactate, Pi, ammonia or Ca2+, 
the depletion of glycogen, which is the main energy origin in a carbohydrate-centered 
metabolic system, and oxidative stress during endurance exercise may result in fatigue 
[12-16]. Thus, plasma lactate level was investigated in the present study. However, 
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recent literatures are putting address about lactate as an energy substrate; it should be 
noted though lactate may not be the cause of acidosis and muscle fatigue, it is still a 
marker that indicating fatigue, as a consequence of fatigue. 
A low-carbohydrate, high-fat ketogenic diet (KD) is a nutritional approach ensuring 
that the body utilizes lipids. In our previous study, an 8-week ketogenic high-fat, 
low-carbohydrate diet increased the capacity of endurance exercise in a mouse model, 
without aggravated muscle injury, despite the decrease of absolute muscle volume [10]. 
To investigate the post-exercise plasma biochemistry and organ damage, we aim to 
analyze plasma metabolite concentrations as well as biomarkers of tissue/organ damage. 
Reactive oxygen species (ROS) are derived from molecular oxygen, containing a 
number of reactive molecules and free radicals. ROS have long been known for its 
defense response against microbial invasion, functioning as a weapon of immune cells 
during inflammation. Though beneficial for skeletal muscle regeneration at an 
appropriate level, exhaustive exercise, especially repetitive muscle contraction, may 
cause oxidative stress [17-19]. Micronutrients such as antioxidants have been reported 
for improving endurance capacity, and such supplements are being applied in endurance 
competitive events [20,21]. Moreover, oxidative stress is also reported to be associated 
with exercise-induced fatigue [22,23]. In the present study, we investigated whether KD 
influenced the muscle and liver oxidative stress state, by observing tissue-located lipid 
and protein oxidation after exhaustive exercise. 
Mice and many other rodents are genetically decided to adopt continuous locomotion, 
moving or running around [24,25]. Locomotion is suspected to decrease when achieving 
partial or absolute fatigue, and there are reported studies using open-field tests to 
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evaluate fatigue level [26]. It is hard for us to distinguish between physical exhaustion 
and volitional exhaustion in human trials. While exploiting the nature of rodents, 
decreased movement may be a way to determine fatigue, or to measure recovery. To 
investigate whether KD could affect fatigue recovery, we enriched this study with an 
open-field test immediately or 24 h after exhaustive exercise.  
3.2. Materials and Methods 
3.2.1. Mouse Maintenance and Diets  
Mouse maintenance and diets are the same as that in part 2.2.1. 
3.2.2. Endurance Capacity Test Protocol 
Endurance capacity test protocol is the same as that in par 2.2.2 except for the 
sampling was carried out 24 h after the exhaustion. 
3.2.3. Open Field Analysis 
The chamber used for this test was 50 cm (length) × 50 cm (width) × 38 cm (height) 
and was made of white high-density and non-porous plastic. 95% Ethanol was used to 
wipe the chamber each time prior to use and before subsequent tests to remove any 
scent clues left by the previous subject mouse. Each subject mouse was tracked for a 
single 10 min free and uninterrupted period, during which time the tracking software 
recorded movement. Total travelling time was recorded and analyzed using a digital 
camera [24,25,26]. 
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3.2.4. Plasma Biochemical Assessment 
Plasma levels of glucose, non-esterified fatty acids (NEFA), triglyceride (TG), lipase, 
aspartate transaminase (AST), alanine transaminase (ALT), creatine kinase (CK), lactate 
dehydrogenase (LDH), blood urea nitrogen (BUN), cholesterol (CHO), high-density 
lipoprotein cholesterol (HDL), low-density lipoprotein cholesterol (LDL) and albumin 
were measured by Koutou-Biken Co. (Tsukuba, Japan). 
3.2.5. Ketone Body and Lactate Assays 
Plasma lactate was measured using an EnzyChrom Ketone Body Assay Kit (Bio 
Assay Systems, Hayward, CA, USA) according to the manufacturer’s instructions. 
Plantaris muscle lactate was measured using the Lactate Microplate Assay Kit (Laibio 
Co., Shanghai, China). 
3.2.6. Measurement of Oxidative Stress 
For plantaris muscle and liver oxidative stress evaluation, 1 mg of each tissue (wet 
weight) was homogenized with PBS, after which the Thiobarbituric Acid Reactive 
Substances (TBARS) Microplate Assay Kit and the Protein Carbonyl Assay Kit (Laibio 
Co., Shanghai, China) were employed and assays were performed according to the 
manufacturer’s instructions. 
3.2.7. Statistical Analysis 
Statistical analysis in this part is the same as that of 2.2.7. 
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3.3. Results and Discussion 
3.3.1. KD Lowered Mice Weight 
We have reported that although mice in the KD group consumed more calories than 
the control group, they showed significant weight loss after 1-week KD administration 
[10]. The potential of KD for weight loss has been widely reported worldwide over 
decades. The short-term ability of a well-designed KD for weight loss is prominent in a 
variety of experimental subject models, including humans, rodents and aquatics 
[10,27,28]. However, the long-term effect of KD on weight control is yet to be 
concluded, since several studies have reported disappointing results. Studies on over 
1-year KD administration have yielded low-efficacy compared to low-fat diet 
administration [29,30]. The reasons for this phenomenon may be appetite influence and 
adapted metabolism [29-31]. 
Obesity is especially troublesome; though the adoption of exercise as a therapy is 
effective, the exercise capacity drops in obese subjects, accompanied with a decreased 
desire to participate in sports. Reversely, the less patients want to exercise, the weaker 
their exercise capacity, including cardiorespiratory function and muscle strength, which 
may drop more severely. In the FIT (Henry Ford Exercise Testing) project carried out 
recently, researchers assessed the association of body mass index (BMI) and exercise 
capacity with all-cause mortality using multivariable-adjusted Cox proportional hazards 
models, claiming that exercise capacity-obesity paradox dichotomy exists [32]. 
Our previous study showed that a 2-month KD administration enhanced endurance 
exercise capacity without aggravated muscle damage, indicating that KD combined with 
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exercise therapy may be a better medicine for obese subjects, whereas exercise training 
may be a better prevention for weight rebound caused by long-term KD. 
3.3.2. KD Accelerated Fatigue Recovery after a 24-h Rest 
Open field tests are effective methods to investigate locomotor behaviors [33]. In the 
present study, an open field test was employed as a variable for exercise-induced fatigue 
level. As shown in Figure 3.1-A, due to exhaustion, subjects in both groups almost 
stayed right in the same place where it was laid. However, after the 24-h recovery, 
KD-feeding mice showed an accelerated recovery phase. As shown in Figure 3.1-B, 
after a 24-h rest, KD mice moved around more frequently compared to Con mice. To 
examine the mechanism, we performed a lactate assay in muscle tissue. As shown in 
Figure 3.3, though exhaustive exercise induced lactate accumulation in plantaris muscle 
of Con mice after exercise, it did not induce significant lactate accumulation in 
counterparts of KD. Moreover, the baseline of lactate is significantly lower for KD 
subjects compared to Con subjects. In the early stage study of KD on exercise 
performance, well-trained athletes were usually the subjects. A classical study was 
conducted in highly trained endurance athletes, to test how KD affects submaximal 
exercise capacity and metabolites levels. At exhaustion, substrate dynamics showed that 
post-exercise lactate level was decreased after a 4-week eucaloric KD attribution (2.77 
± 0.61 vs. 2.41 ± 0.27, mmol/L) [34]. This was confirmed in the present study, using 
rodent models. Exercise-induced fatigue could be attributed to peripheral fatigue at the 
neuromuscular junction, and central fatigue within the brain through the muscle-nerve 
axis [35]. During exercise, most lactate is produced in the skeletal muscle. There was a 
significant negative correlation between aerobic endurance performance and blood 
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lactate value five min after exercise [36]. Well-trained endurance runners have more 
effective lactate-producing ability and higher lactate clearance rate than non-trained 
individuals [37]. After exercise, lactate is mainly oxidized into CO2 and water in 
skeletal muscle and myocardium. The transfer process of the lactate shuttle can include 
ingredients of synthesis of hepatic glycogen or biosynthesis of fatty acids and certain 
amino acids. Premium lactate clearance capacity is beneficial to the removal of lactate, 
thus promoting recovery after exercise. Several strategies, such as rest, sports massage 
and active recovery, were, thus, attempted to find effective ways to clear lactate more 
quickly [38,39]. Among them, sports massage treatment showed beneficial effects on 
lactate clearance [38]. 
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z 
Figure 3.1.  Locomotion time of mice A. immediately or B. 24 h after exhaustion as 
indicated. * p < 0.05 compared with indicating column, @ p < 0.05 compared with KDE, # p 
< 0.05 compared with Ex. 
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Figure 3.2. Muscle and plasma lactate concentration of mice 24 h after exhaustion. 
Another metabolite that is accumulated during exercise is blood ammonia, a classical 
biochemical marker for exercise-induced fatigue [40]. Exercise may cause uremia, a 
condition of having increased blood ammonia levels, reported in rats and humans after 
exhausting exercise [41]. During fatigue, ammonia may enter across the blood brain 
 44 
barrier, and cause central fatigue. Ammonia level was reported to be correlated with 
BUN (R2 = 0.95), the final product of blood ammonia. In fact, we observed a decrease 
of BUN in the KD group, and this may be a consequence of restricted protein content in 
KD, that may lead to low blood ammonia level, thus contributing to a low accumulation 
level in the brain, and quick fatigue recovery, since the brain ammonia subsequently 
influence gamma-aminobutyric acid balance, thus causing fatigue [40,41]. In summary, 
exercise-induced fatigue is reported to be related with lactate and ammonia 
accumulation. The ability for KD to accelerate fatigue recovery may be accredited to 
keto-adaptation, a system that differs from adapted glycogen utilization or glycolysis, 
where most lactate may come from. Lactate may come from glycolysis, while no lactate 
would come from exhaustive catalyzation of fatty acid or ketone bodies. Moreover, the 
properties of KD to accelerate lactate clearance may favor the all-cause mortality in 
trauma patients, since it has been validated for its efficacy in a meta-analysis [42]. 
Results from this part indicated that KD might be promising to be used as a 
post-competition diet to boost recovery. Excessive oxidation is also reported to be 
related with exercise-induced fatigue. To understand more about the mechanism, we 
analyzed post-exercise biochemistry and tissue-specific oxidative stress. 
3.3.3. Plasma Substrate Concentrations Were Altered by KD after a 24-h Rest 
KD-feeding mice exhibited an elongated endurance capacity than chow-feeding mice 
[10]. Though glucose was significantly decreased by exhaustive exercise in the 
chow-feeding group, it was recovered after a 24-h rest. The baseline of glucose was 
significantly lower in the KD group, and this might be attributed to the low coefficient 
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of glucose utilization in the KD mice, since they mainly maintained a supply system 
strongly powered by fat oxidation. 
Immediately after strenuous exercise, subjects are inclined to achieve a 
hyperlipidemia status [10,43]. As shown in Figure 3.3, in the baseline, NEFA 
concentration was elevated by KD feeding, which was also confirmed by other studies. 
In our study, no difference was observed between sedentary or exercise mice after a 
24-h rest after exercise. Only feeding contributed to the significance between the groups. 
According to previous study, KD contributed to increased NEFA utilization during 
strenuous exercise, whereas after a 24-h rest, plasma NEFA concentration rebounded 
quickly. This result indicated enhanced metabolic flexibility in keto-adapted mice. At 24 
h after exercise, the concentration of TG did not differ from each group, although 
immediately after exercise, TG concentration decreased significantly in KD mice. These 
results combined together showed that 24 h after exhaustive exercise, neither NEFA nor 
TG was altered compared to the same-fed groups. 
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Figure 3.3. Plasma biochemistry results 24 h after exhaustion as indicated. A-F: 
Concentrations of plasma glucose, non-esterified fatty acids (NEFA), triglyceride (TG), 
cholesterol (CHO), high-density lipoprotein cholesterol (HDL) and low-density lipoprotein 
cholesterol (LDL). 
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LDL and HDL are components of CHO. As shown in Figure 3.4, CHO, LDL and 
HDL were significantly elevated by KD, which was consistent with our earlier results. 
Our results showed that the concentrations of CHO, LDL and HDL were all elevated 
after a 24-h rest after exercise, although they decreased immediately after exercise 
(Chapter 2, Figure 2.4). Several studies reported that KD resulted in high concentration 
of blood CHO, whereas exhaustive exercise reduced the concentration of CHO and lipid 
profile [44-47]. Our results showed that KD was involved in the elevation of either 
CHO or its component LDL and HDL. Moreover, after a 24-h rest, once-reduced plasma 
LDL, HDL and CHO experienced a rebound, indicating that an “overcompensation” 
does not only exist in muscular strength, but also in plasma substrates. 
3.3.4. KD Contributed to an Accelerated Damage Recovery 
As shown in Figure 3.4, AST and ALT, employed as hepatic damage markers, still 
remained in higher concentration in the chow-feeding group after a 24-h rest. 
Immediately after exercise, ALT was significantly lowered by KD, showing a 
preventive effect towards hepatic damage caused by exhaustive exercise [10]. 
Interestingly, this situation is different in the KD group, indicating that KD may boost 
hepatic damage recovery. In our study, KD did not aggravate hepatic damage caused by 
exhaustive exercise, which is different from previous studies [48-50]. Hepatic damage 
produced by exercise is highly presumed to be related to free radicals [51]. In fact, a 
two- to three-fold increase in free radical concentrations of liver at exhaustion was 
reported [52]. To further study the mechanism of this protection, we investigated the 
oxidative stress markers of the liver, which is discussed later. 
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Figure 3.4. Plasma organ damage markers 24 h after exhaustion. A-H, Concentrations of 
plasma aspartate transaminase (AST), alanine transaminase (ALT), creatine kinase (CK), 
lactate dehydrogenase (LDH), amylase, lipase, blood urea nitrogen (BUN) and uric acid 
(UA). * p < 0.05 and ** p < 0.01. 
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CK and LDH are employed as muscle damage markers. LDH exhibited no significant 
difference in each group. However, CK was elevated by exercise even after a 24-h rest, 
and the situation was different in the KD group. In our previous study, KD did not alter 
immediate post-exercise CK or LDH concentration; the damage was not made worse by 
KD-induced muscle weight loss [10]. However, KD lowered both CK and LDH (no 
significance observed) after a 24-h rest, indicating that KD managed to protect the 
muscle from delayed damage. Muscles experience damage and inflammation during 
recovery from exercise, causing delayed-onset muscle soreness (DOMS). Several 
methods were attempted to relieve this phenomenon, such as foam rolling and 
supplementation [53,54]. However, the practicability of these findings of KD in human 
athletes needs to be investigated further. 
Amylase was decreased by KD or a 24-h rest after exercise, which is the opposite of 
the results gathered immediately after exercise [10]. The increase in plasma amylase 
immediately after exercise may be a consequence of aggravated pancreas permeability 
caused by exercise [55,56,57]. A combination of KD feeding, restricted carbohydrate 
supply, and abundant fat supply cause keto-adaptation, and a weakened 
glucose-powered energy supply system. The weakened role of amylase may result in its 
low concentration in the blood. A delayed glucose-metabolism reduction was observed 
here. Similarly, lipase was decreased by exercise in the chow group, which exhibits the 
same pattern as amylase. This may be attributed to a delayed recovery effect of the 
body. 
As discussed in Section 2.3.2, BUN is employed as a kidney injury marker, as well as 
an indicator of exercise tolerance. At the same time, it is also a protein degradation 
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marker. BUN was significantly lower in the KD groups after 24-h post exercise 
compared to the chow group. This may be partly attributed to the lower protein content 
in KD, indicating that it may possess a protective ability towards renal damage caused 
by exhaustive exercise. However, it is reported that a high-fat diet may induce renal 
oxidative damage via the ketogenesis/ sirtuin (SIRT) 3 pathway, indicating that KD may 
lead to renal dysfunction [8,58]. Administration of antioxidants seems to be an 
applicable method to ameliorate this adverse effect [59]. 
Strenuous exercise has also been well documented as a cause of increase in the 
number of circulating immune cells, including neutrophils and monocytes, which are 
recruited from circulating blood to local tissues, thus inducing a systemic inflammatory 
response [1]. Exercise-triggered inflammatory cytokines, including growth hormone, 
interleukin (IL)-1β, IL-6, tumor necrosis factor α and interferon gamma, may induce 
systemic or local inflammatory responses, while mobilized neutrophils or monocytes 
may infiltrate muscle or other organs, thus causing local inflammation, leading to 
further recruitment of immune cells into tissues, eliciting cascade amplification of 
inflammation and organ failure [1-3]. It is also reported that exercise-induced IL-1β 
may lead to central nervous system fatigue [60]. Taking these findings into 
consideration, we find that KD may boost fatigue recovery through a low level of 
circulating inflammatory cytokines. Further studies should pay attention to this issue. In 
summary, KD interacts with blood biomarker alterations 24-h post exercise. However, 
further investigations should be made on the potential side-effects of KD attribution and 
its association with inflammation. 
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3.3.5. TBARs and Protein Carbonyl Level Is Not Alternated by KD 
Oxidative stress during exhaustive exercise shows an imbalance between 
pro-oxidant/anti-oxidant homeostasis. ROS exhibits extremely short half-lives; however, 
there are several ways to measure ROS activity indirectly, by measuring endogenous 
anti-oxidative ability, oxidized products of biomolecules attacked by ROS [17-19]. 
TBARS are formed as a byproduct of lipid peroxidation, whereas protein carbonyl 
groups are products of specific protein side chains oxidized by ROS attacks [61,62]. 
Exhaustive exercise is reported to increase oxidative stress in various organs and tissues; 
in this context, a nutritional approach or nutrient supplementation that may reduce 
abnormal oxidative stress in such organs can enhance exercise performance and 
contribute to post-exercise recovery [20,63,64]. 
Discussion about the anti-oxidative properties of KD were controversial according to 
previous reports [65,66,67,68]. As shown in Figure 3.5-A and C, muscle TBARs and 
protein carbonyl levels were both significantly enhanced by acute exercise. Though a 
lipid-enriched KD did not drive rapid increase of lipid oxidation in the sedentary stage, 
it contributed, on some level, to exercise-induced oxidative stress. As shown in Figure 
3.5-B and D, it seems that neither lipid peroxidation nor protein side chain oxidation has 
deteriorated by exhaustive exercise or KD feeding in muscle tissue; however, protein 
side chain oxidation was attenuated by KD, and this may partly explain how KD 
protects the liver from exercise-induced damage, since exercise-induced free radicals 
were reported to induce liver injuries [51,52]. In summary, oxidative stress was only 
partially reduced by KD administration. Our study did not observe meaningful 
regulation by KD in the format of lipid oxidation or protein side chain oxidation 
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measurement. The results here might partly be a result of the low-protein and high-fat 
content of the different fodder. However, it is hard to define whether the aggravation of 
ROS is beneficial or not, since at low concentration, ROS is beneficial for muscle repair, 
while at relatively high levels, it may be harmful for muscle health [69]. The curve of 
this beneficial/harmful effect is bell-shaped. It has been confirmed that exhaustive 
exercise causes aggravated oxidative damage. When implementing a high-fat diet in 
athletes, it is necessary that their oxidative state is occasionally monitored; an 
antioxidant application is also recommended. 
 
Figure 3.5. Muscle and hepatic oxidative stress immediately after exhaustion. A and B. TBARs 
in plantaris muscle tissue and liver tissue. C and D. Protein carbonyl in plantaris muscle tissue 
and liver tissue. * p < 0.05, *** p < 0.001 compared between sedentary and exercise, ## p < 
0.01 compared between control diet and KD. 
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4. Conclusions 
In the present study, we investigated an 8-week KD diet on post-exercise protection 
of muscle and organ damage as well as the influence of KD on fatigue recovery. Along 
with enhanced exercise performance, the muscle damage caused by exhaustive exercise 
was attenuated by KD. KD also enhanced fatigue recovery after exhaustive exercise. 
However, KD did not show regulatory effect on muscle lipid oxidation or protein side 
chain oxidation. These results suggest that KD has potential to be used as a 
fatigue-preventing and/or recovery-promoting diet approach in endurance athletes, 
whereas the oxidative states should be monitored from time to time.  
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Chapter 4. Effects of an 8-week high fat, low carbohydrate, ketogenic diet on 
interleukin-6 profile, ketolytic and lipolytic gene expression during endurance 
exercise 
This chapter is published as an article in Nutrients as: Ma, S., Huang, Q.,Tominaga, 
T., Liu, C., & Suzuki, K. An 8-Week Ketogenic Diet Alternated Interleukin-6, Ketolytic 
and Lipolytic Gene Expression, and Enhanced Exercise Capacity in Mice. Nutrients 
2018, 10(11), 1696.  
4.1 Introduction 
Carbohydrates, lipids and proteins are three classes of molecules utilized as fuel, or to 
make up bodily structures. Among these classes, protein is a vital nutrient that holds our 
bodies together. Compared with proteins, carbohydrates and lipids are more flexible for 
use as energy sources. Compared with the storage capacity for carbohydrates (which is 
limited to ~5 g glucose in blood circulation and ~100 g or ~500 g glycogen in skeletal 
muscle or liver), the upper limit for human lipid store as fat seems to be unrestricted [1].   
A person weighing 70 kg, possessing 15% body fat percentage, is capable of 
completing >30 marathon races while utilizing stored fat [2]. Therefore, due to limited 
carbohydrate reserves but an abundant lipid reserve, coaches and elite athletes are 
wondering if there is an effective way to enhance fat utilization. Investigations into this 
started decades ago, and continue to the present day [3,4].  
Excess adipose tissue may cause health problems, whilst excessive bodyweight can 
be a problem in some events that are divided by weight, e.g., Taekwondo [4]. Moreover, 
participants of extremely strenuous aerobic events, such as marathon runners, usually 
display very low body fat percentage (6.4 ± 1.3%, for males, according to a survey 
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conducted in elite athletes in America) [5]. Therefore, for athletes, only pursuing an 
abundant lipid reservoir may be unrealistic, making the ability to utilize fat effectively 
more important.  
An attempt to increase dietary fat and enhance fat utilization proved ineffective in a 
human trial of young men provided with a fat supplement (987 ± 55 kcal/day) over 36 h, 
which did not alter 24 h energy expenditure (2783 ± 232 kcal/day vs. 2820 ± 284 
kcal/day), and fat oxidation rate (fat oxidation 1032 ± 205 kcal/day vs. 1042 ± 205 
kcal/day) [6]. However, a high-fat diet (HFD) combined with exercise enhanced fat 
oxidation, according to previous studies [7–9]. In studies conducted in both trained and 
untrained subjects, training increases fat oxidation in human subjects and reduces the 
reliance on carbohydrate as an energy source during submaximal exercise tests [7–9]. 
Researchers also report that HFD adaption, including keto-adaption, may enhance 
endurance capacity in trained cyclists and rodents [10,11]. To date, many studies have 
made it clear that an HFD is a two-sided coin. For example, a one-month HFD was 
reported to cause increased muscle mitochondrial biogenesis and insulin resistance (IR) 
at the same time [12]. In another study conducted in rodents, a one-month alternate-day 
HFD increased mitochondrial enzyme activities and protein content; however, a reduced 
oxidative capacity was also observed in a short period, e.g., genes of the electron 
transport chain, mitochondrial carrier proteins and mitochondrial biogenesis [13,14]. 
Clinical evidence shows that non-obese subjects are capable of adjusting fat oxidation 
in response to increased fat intake within a week, even when energy balance is sustained 
[15]. Therefore, long-term traditional HFD is challenging when employed as a 
fat-loading tactic, since it may cause a weight burden for athletes, along with health 
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problems. That is why we employed a low-carbohydrate, high-fat, ketogenic diet in our 
previous study [10].  
In our previous study, we reported that an eight-week low-carbohydrate, high-fat, 
ketogenic diet enhanced endurance capacity, but the mechanisms remained unclear. In 
the previous study, body fat content was not altered significantly by a ketogenic diet 
(KD), although the average weight of the KD mice dropped dramatically in the feeding 
period. Therefore, we postulated whether another form of fat reserve contributed to this 
enhancement. Intramuscular triacylglycerol (IMTG) is a special way for skeletal muscle 
to store lipids. During exercise, IMTG may constitute up to 20% of total energy 
turnover, thus contributing significantly to adenosine triphosphate (ATP) synthesis 
during exercise [16]. However, abnormal or excessive fat deposition in skeletal muscle 
may also induce insulin resistance [17]. Regulating intramuscular lipolysis is crucial for 
energy supply during exercise. Amati and colleagues reported that well-trained athletes 
exhibit higher levels of IMTG and diacylglycerol (DAG), together with a 
well-preserved sensitivity to insulin, indicating lipolysis may be enhanced during 
exercise [18]. Ketone bodies and fatty acids are produced or released from the liver and 
adipose tissue, where other organs may then employ the metabolites as an energy source 
during fasting, exercise or other medical conditions. It is reported that working muscles 
have an increased capacity to extract ketone bodies from circulating blood during 
exercise [19]. However, metabolic profiles of different muscle fiber types are reported 
to be different, which may be attributed to their function [20,21]. Therefore, it is 
reasonable to presume that enhanced fat utilization (including fatty acid mobilization 
from adipose tissue and IMTG), transportation, and oxidation by different muscle fibers 
together with ketone body utilization can be directly linked to exercise capacity. In this 
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present study, we studied the rate-limiting enzymes during FAO, to see whether an 
eight-week KD enhanced FAO and contributed to exercise capacity.  
Endurance exercise may induce systemic inflammatory response [22]. According to 
the above studies, plasma interleukin (IL)-6 may increase over 100-fold after strenuous 
exercise [23,24]. Muscle-derived, exercise-induced IL-6 is reported to have lipolytic 
properties [25]. However, whether IL-6 may contribute to keto-adaption, thus enhancing 
exercise capacity, is unknown. Since our previous report indicated the amount of fatty 
acid and triglyceride consumption were enhanced in KD mice, we have herein 
examined the association between IL-6 and enhanced lipolysis. As discussed previously, 
a KD has been investigated as a low-carbohydrate nutritional approach within athletic 
nutrition to performance enhancement, but controversial conclusions have been 
obtained [10,26,27]. In our previous studies, we reported that an eight-week, 
low-carbohydrate, ketogenic diet increased running time until exhaustion in male 
C57BL6/J mice, and suggest the mechanism to be an enhanced fat utilization [10,27]. In 
the present study, we have investigated any alteration in the pattern of messenger RNAs 
related to lipid mobilization, fatty acid utilization and ketone body oxidation, in red 
slow-twitch and white fast-twitch muscle tissues, and adipose tissue, to ascertain the 
underlying mechanisms. 
4.2 Materials and Methods 
4.2.1. Mouse Maintenance and Diets & 4.2.2 Endurance Capacity Test Protocol 
These parts are the same as those mentioned in part 2.2.1 and 2.2.2. 
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4.2.3 Real-Time PCR 
Total RNA was extracted from the gastrocnemius muscle (white, fast-twitch muscle) 
and soleus muscle (red, slow-twitch muscle) using the RNeasy Fibrous Mini Kit, and 
from epididymal adipose tissue using the RNeasy Lipid Tissue Mini Kit (Qiagen, 
Valencia, CA, USA) according to the manufacturer’s instructions. The purity and 
concentration of total RNA was assessed using the NanoDrop system (NanoDrop 
Technologies, Wilmington, DE, USA). Total RNA was reverse transcribed to cDNA 
using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster 
City, CA, USA) according to the manufacturer’s instructions. PCR was performed with 
the Fast 7500 real-time PCR system (Applied Biosystems) using the Fast SYBR® 
(Applied Biosystems) Green PCR Master Mix (Applied Biosystems). The thermal 
profiles consisted of 10 min at 95 °C for denaturation followed by 40 cycles of 95 °C 
for 3 s and annealing at 60 °C for 15 s. 18s mRNA was used as the housekeeping gene, 
and the ΔΔCT method was used to quantify target gene expression. All data are 
represented relative to its expression as fold change based on the values of the Con 
group.  
4.2.4. ELISA Procedure and Glycerol Assay 
Plasma and gastrocnemius IL-6 concentrations were measured using a R&D Mouse 
IL-6 ELISA Duo set (R&D Systems, Minneapolis, MI, USA) according to the 
manufacturer’s instructions. Gastrocnemius IL-6 concentration was related to total 
protein concentration measured using the Pierce™ BCA Protein Assay Kit (Thermo 
Fisher Scientific, Rockford, IL, USA) according to the manufacturer’s instructions. 
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Plasma glycerol was measured using the Glycerol Colorimetric Assay Kit (Cayman 
Chemical Co., MI, USA). 
4.2.5. Statistical Analysis 
Statistical analysis in this part is the same as that in 2.2.7.  
4.3. Results and Discussion 
4.3.1. A Review of Endurance Capacity Test and Plasma Non-Esterified Fatty Acids and 
β-hydroxybutyrate Concentration 
Endurance capacity, non-esterified fatty acids (NEFA) and β-hydroxybutyrate (β-HB) 
concentration have been measured and reported previously [10]. In brief, normal-fed 
(chow) mice ran up to 243 ± 60 min until exhaustion, whereas KD-fed mice achieved a 
longer running time of 289 ± 67 min (Con + Ex vs. KD + Ex, p < 0.05), indicating an 
enhanced endurance capacity. Plasma NEFA increased from 1.3 ± 0.24 µEq/L to 2.4 ± 
0.65 µEq/L in the chow-fed group indicating exercise-induced lipolysis, but the plasma 
NEFA might not have been effectively taken up and utilized by muscle cells [10]. On 
the contrary, plasma NEFA decreased from 2.2 ± 0.65 µEq/L to 1.5 ± 0.43 µEq/L in 
KD-fed mice, indicating that NEFA uptake and utilization was used effectively [10]. A 
significant difference was observed between the chow- and KD-fed mice’ NEFA 
concentrations. At baseline, β-HB was increased by nearly 10-fold in KD, from 0.29 ± 
0.04 mmol/L to 2.40 ± 0.64 mmol/L [10]. However, this figure was 0.72 ± 0.10 mmol/L 
after exhaustive exercise, indicating ketolysis was enhanced by the 8-week KD. 
Therefore, the following complimentary analyses were undertaken in this investigation. 
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4.3.2. Plasma IL-6 Concentration and Exercise-Induced IL-6 mRNA Alternation in both 
Slow- and Fast-Twitch Muscles  
As shown in Figure 4.1, IL-6 mRNA increased dramatically by approximately 
100-fold in red, slow-twitch muscle fiber in the Con + Ex group; and in the KD + Ex 
group, a KD contributed to this interesting up-regulation. In the context of exhaustive 
exercise, transcription levels of IL-6 increased significantly in the KD + Ex group, 
compared to the Con + Ex group in red, slow-twitch muscle. However, the effect was 
not observed in white, fast-twitch muscle. The result indicated that IL-6 gene expression 
exhibited a fiber-type specificity. Red, slow-twitch muscle fiber contributes more to 
endurance feats such as distance running; whereas white, fast-twitch muscles are used in 
powerful bursts of movements like sprinting, and they fatigue faster [20]. We found that 
the difference in fiber structure and function might lead to different secretion patterns of 
IL-6. An interesting heterogenous phenomenon was observed during exercise; the 
subjects who exhausted around 200 min have the highest IL-6 gene expression 
(gastrocnemius muscle) and plasma IL-6 concentration in both groups. One reason may 
be that as exercise progresses, the need for fatty acids increases; however, as final 
fatigue is reached, the call for energy decreases with time.  
As shown in Figure 4.2, both muscle IL-6 protein and plasma IL-6 were increased by 
exhaustive exercise. However, plasma IL-6 was significantly lower in the KD + Ex 
group, though IL-6 rose nearly 5-fold in the control feed group; it only increased to 
2.5-fold in the KD group after exercise. A plausible explanation for this response is that 
the KD mice have built a well-adapted lipid-centered metabolism, and enhanced 
metabolic flexibility. It is worth mentioning that according to our previous study, 
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circulating lipids, including ketone body, NEFA and triglyceride (TG), were all 
increased by a 2-month KD administration [10]. This abundant lipid reservoir may help 
weaken the need to accelerate lipolysis.  
Exercise-induced IL-6 is reported to stimulate lipolysis both in the IMTG pool and 
adipocytes [25,28,29]. Defined as an exercise factor by some researchers or a so-called 
myokine, muscle-derived IL-6 exhibits a metabolic regulation function towards lipid 
metabolism in different subject types [28,29]. Recombinant human IL-6 infusion 
showed enhanced lipolysis and fat oxidation capacity in human subjects [28]. 
Genetically IL-6 deficient mice also presented a reduced lipolysis ability and FAO [29]. 
During KD administration, fat oxidation is no doubt the predominant origin of energy 
supply which makes us suspect that acute exercise-induced IL-6 may contribute to lipid 
utilization, thus enhancing exercise performance.  
Strenuous exercise may stimulate excessive IL-6 secretion, which is reported to 
induce muscle damage and may be harmful for athlete health [22,24]. However, in the 
present study, a KD may relieve the damage induced by excessed IL-6 production. In 
fact, we have reported in our previous study that KD may reduce muscle damage, as 
evidenced by lowering damage markers such as creatine kinase (CK) and lactate 
dehydrogenase (LDH) caused by exhaustive exercise [10]. We have also reported that 
24 h after exercise, a KD contributed to fast recovery from fatigue, where muscle 
damage was also relieved [27]. The present study purports that KD may contribute to 
muscle damage prevention and fatigue recovery by adjusting IL-6 secretion profiles. 
However, we must acknowledge a limitation, since the volume of soleus muscle is 
limited; we have had to measure mRNA expression or protein production. Our choice to 
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conduct this analysis type was based on a single acute exhaustive exercise test having 
more potential to alter gene expression on a transcriptional level. Interestingly, the 
observation on gastrocnemius IL-6 responses indicated that protein production may 
happen even in such a short period; further studies may focus on protein production 
responses induced by acute exercise. 
 
Figure 4.1. Interleukin-6 (IL-6) mRNA expression in gastrocnemius (A) and soleus (B) 
immediately after exhaustion. ns: no significance observed. * p < 0.05 and *** p < 0.001. 
 
Figure 4.2. Interleukin-6 (IL-6) concentration in gastrocnemius (A) and plasma (B) 
immediately after exhaustion. ns: no significance observed. * p < 0.05 and ** p < 0.01.  
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4.3.3. Fatty Acid Mobilization-Related Gene Expression after Exhaustive Exercise 
under Endogenous Ketosis in Epididymal Adipose Tissue 
As shown in Figure 4.3, gene expression levels of adipose triglyceride lipase (ATGL) 
were significantly enhanced by KD in the sedentary subjects, indicating the 
up-regulated lipid mobilization and utilization is enhanced by KD in sedentary 
condition in adipocytes. However, KD plus exercise reversed this increase. One 
plausible explanation for this phenomenon is the lack of plasma IL-6, thus the ability to 
mobilize fatty acid from adipose tissue is reduced. Adrenergic blocking agents are 
reported to reduce fatty acid mobilization during fasting, and IL-6 is reported to 
function as adrenergic hormone [25]. 
During endurance exercise, the body requires energy. Fatty acids are then released 
from adipocytes and mobilized for use to provide this energy. When adrenaline or 
adrenaline-like signaling molecules, such as IL-6, increase and bind to specific 
receptors on the surface of adipocytes, a cascade of reactions is then induced [25]. 
Lipases like ATGL start to hydrolyze TG to produce NEFA. Therefore, the increased 
circulatory NEFAs will be detected as they are transported to skeletal muscle, the heart, 
and the liver. In the liver, some NEFAs may be resynthesized into triglycerides and then 
transported by carrier lipoproteins to muscle and other tissues, thus contributing to 
provide energy to promote exercise capacity [2–4]. Accordingly, concentrations of very 
low-density lipoproteins are much higher at baseline in the KD group, indicating an 
abundant lipid pool [10,27].  
ATGL, or adipose triglyceride lipase, is also known as desnutrin, a patatin-like 
phospholipase domain-containing protein [30]. During FAO, ATGL cut down the first 
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fatty acid from TG. Hormone-sensitive lipase (HSL) is also known as cholesteryl ester 
hydrolase (CEH), another intracellular neutral lipase, cut down the second fatty acid 
from TG [31]. ATGL and HSL are both rate-limiting enzymes mediating TG hydrolysis, 
and play critical roles in mobilizing fatty acids. Briefly, they hydrolyze fatty acids from 
TG, after which fatty acids of IMTG-origin will be directly used for β-oxidation, or fatty 
acids from lipid drop-origin will be transported by lipoproteins such as very low-density 
lipoprotein (VLDL) from adipose tissue into muscle fibers during exercise [32]. 
Interestingly, adipocyte-specific ATGL deficient mice presented lowered capacity 
toward submaximal exercise, whereas skeletal muscle-specific ATGL deficient mice 
preserved submaximal exercise capacity [33]. These results indicate that circulating 
fatty acids in the blood that come from adipocytes by lipase-mediated lipolysis, also 
contribute to submaximal exercise performance. The treadmill running protocol in this 
investigation is similar to the submaximal exercise protocol used in this previous study, 
therefore suggesting that fat mobilization during exercise is critical. Results of the 
present study show that KD mice may experience decreased NEFA mobilizing ability 
from adipose tissue, despite an enhanced exercise capacity; leading us to suspect that 
IMTG or energy from other metabolites also play dominant roles in this process. 
Therefore, we conducted transcriptional analysis of ketolysis, lipolysis and FAO in 
skeletal muscle to explore these responses. 
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Figure 4.3. mRNA expression of lipolytic enzyme in adipose tissue immediately after 
exhaustion. HSL: hormone-sensitive lipase. ns: no significance observed. * p < 0.05 and ** p < 
0.01.  
4.3.4. Ketolytic Gene Expression after Exhaustive Exercise under Conditions of 
Endogenous Ketosis in both Slow- and Fast-Twitch Muscles 
As we reported previously, an eight-week KD enhanced exercise capacity in KD + Ex 
subjects, ketone bodies were dramatically consumed during an exhaustive exercise, and 
plasma β-HB concentrations dropped from 2.40 ± 0.64 mmol/L to 0.72 ± 0.10 mmol/L, 
indicating ketone body absorption enhanced ketolysis. In the present study, we 
examined whether key enzymes during ketolysis were altered by a KD. As shown in 
Figure 4.4A–D, gene expression levels of ketolytic enzymes were altered by KD or 
exercise in a fiber-specific manner. Figures 4.4A and 4.4C show the change of a 
rate-limiting enzyme, hydroxybutyrate dehydrogenase (HBDH), in both fiber types. In 
white fast-twitch muscle fiber (gastrocnemius), HBDH mRNA was down-regulated by 
KD (Figure 4.4A); however, in red slow-twitch muscle fiber (soleus), which has more 
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relevance with endurance capacity, HBDH mRNA expression was significantly 
up-regulated (Figure 4.4C). Figures 4.4B and 4.4D show the change of another 
rate-limiting enzyme during ketolysis, 3-oxoacid CoA-transferase (OXCT)-1, a 
rate-limiting enzyme during ketolysis, in both fiber types [34]. Gastrocnemius OXCT-1 
mRNA expression was not altered by KD or exercise (Figure 4.4B), while soleus 
OXCT-1 mRNA expression was decreased by exercise in the sedentary group (Figure 
4.4D). The above results indicated that soleus HBDH may be the key enzyme that 
contribute to ketolysis, thus contributing to endurance exercise capacity. Peroxisome 
proliferator-activated receptor γ coactivator (PGC)-1α expression was dramatically 
enhanced by exercise, but a KD did not influence this response (Figure 4.5). 
Red slow-twitch muscle like the soleus plays a key role in endurance exercise, 
whereas a white fast-twitch muscle like the gastrocnemius plays a secondary role [20]. 
Thus, in the previous and present studies, a probable mechanism is that the expression 
of HBDH, a key enzyme during ketolysis, was enhanced in red, slow-twitch muscle, 
therefore contributing to promote ketolysis and exercise capacity. 
Ketolysis is a complete oxidation process of ketone bodies whilst ketone bodies are 
utilized by mitochondria of extrahepatic tissues via a series of enzymatic reactions. 
Ketolysis is regulated by a rate-limiting OXCT-1 and HBDH. Therefore, we measured 
the transcriptional alternation of these enzymes in different muscle tissues. In our 
previous study, plasma ketone body increased rapidly in the sedentary KD group. 
However, after exhaustive exercise, plasma ketone bodies of those KD + Ex mice 
dropped dramatically compared with those in the Con + Ex group, suggesting that 
ketone bodies were a primary energy source in the KD + Ex group [10]. These results 
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indicated that an eight-week KD improves ketolysis, the ability for subjects to utilize 
ketone bodies. Therefore, to investigate the mechanism of this enhancement, we 
assessed key enzymes involved in ketolysis in both fiber types. 
Results here indicated that HBDH plays the key role in the improvement of exercise 
capacity after an eight-week KD. It is reported that elevation of PGC-1α levels in 
skeletal muscle may improve systemic ketolytic capacity [35]. Since PGC-1α mRNA 
expression was not significantly influenced by KD, the enhanced ketolysis capacity may 
be merely attributed to the abundance of available ketone bodies, without enhancement 
of basal metabolic rate mediated by PGC-1α. 
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Figure 4.4 mRNA expression of ketolytic rate-limiting enzyme immediately after exhaustion in 
gastrocnemius (A, B) and soleus (C, D). HBDH: hydroxybutyrate dehydrogenase. OXCT-1: 
3-oxoacid CoA-transferase. ns: no significance observed. * p < 0.05 and ** p < 0.01.  
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Figure 4.5. mRNA expression of peroxisome proliferator-activated receptor γ coactivator-1α in 
gastrocnemius (A) and soleus (B). ns: no significance observed. ** p < 0.01.  
4.3.5. Lipolysis- and Fatty Acid Oxidation-Related Gene Expression after Exhaustive 
Exercise during Endogenous Ketosis in Both Slow- and Fast-Twitch Muscles 
As we reported previously, an eight-week KD enhanced exercise capacity in KD + Ex 
subjects, where free fatty acids were dramatically consumed during an exhaustive 
exercise [10]. Plasma NEFA dropped from 2.20 ± 0.65 µEq/L to 1.50 ± 0.43 µEq/L, 
indicating an enhanced FAO [10]. In the present study, we observed whether key 
enzymes during FAO were altered by a KD. 
As shown in Figure 4.6-A–D, though gastrocnemius ATGL mRNA was enhanced by 
exercise between KD and KD + Ex groups (Figure 4.6-A), other results indicated that 
ATGL mRNA expression in soleus, and HSL mRNA expression levels in both fibers 
were up-regulated by KD, but not by exhaustive exercise (Figure 4.6-B–D). The above 
results are observed in both muscle types. Since adipose ATGL mRNA expression 
appears to be unrelated with KD plus exercise, enhanced mobilization of intramuscular 
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fatty acid may be the main factor relating to an enhanced exercise capacity. As shown in 
Figure 4.6-E–F, lipoprotein lipase (LPL) mRNA expression pattern in the gastrocnemius 
was the same as lipase mRNA expression in adipose tissue. To be specific, LPL mRNA 
expression was significantly decreased in the KD + Ex group, compared to that in the 
KD group (Figure 4.6-E). Soleus LPL mRNA expression was not altered by KD or 
exercise (Figure 4.6-F). Taken together, the reduced fatty mobilization from adipocytes 
partly from higher blood NEFA and TG, accompanied by an enhanced fatty acid 
availability from the IMTG pool, may have reduced the need for LPL.  
As shown in Figure 4.7-A, C, I, in white, fast-twitch muscle, carnitine palmitoyl 
transferase (CPT)-1α, acyl-CoA oxidase (ACO) and hydroxyacyl-coenzyme A 
dehydrogenase (HADH) mRNA expression levels were enhanced by a KD after 
exhaustive exercise. As shown in Figure 4.7-D, F, H, J, in red slow-twitch muscle, the 
diet played as a main factor regulating FAO. CPT-1α, medium chain acyl-CoA 
dehydrogenase (MCAD), malonyl-CoA decarboxylase (MCD) and HADH mRNA 
expression levels were all enhanced. Exercise also enhanced HADH mRNA expression 
(Figure 4.7-I, J), indicating that HADH activity may be enhanced by exercise alone. The 
results combined indicate that KD contributes to an enhanced mRNA expression of 
FAO-related enzymes. 
In an article published several years ago, the authors metaphorically, and 
appropriately, called adipose ATGL and HSL, “the movers and shakers of muscle 
lipolysis” [36]. After reaching the working site, muscle LPL hydrolyzes very 
low-density lipoprotein and harvests fatty acids, which will be finally utilized as fuel. 
CPT-1α, ACO, HADH, MCAD and MCD are key regulating enzymes during fatty acid 
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β-oxidation [37]. For IMTG, the fatty acids are harvested by intramuscular lipase ATGL 
and HSL and then hydrolyzed by the above enzymes [38]. Therefore, it may be 
important to increase intramuscular enzymatic activity to enhance exercise capacity. 
Several nutrients have been reported to possess exercise capacity-enhancing properties, 
but their mechanisms of action are hardly reported [39,40]. For example, green tea 
extract supplementation contributed to a higher muscle β-oxidation activity, lower 
malonyl-CoA content and higher glycogen content [41,42]. Whilst the macro nutrition 
profile in our study is different from the above study, the mechanisms of actions are 
partially similar. In our previous study, we suggested that a combined use of 
anti-oxidants and a KD should be implemented to ameliorate or diminish the excess 
oxidation that may be caused during exercise by KD. Green tea extract seems to be a 
powerful co-supplementation, with proven anti-oxidative and anti-inflammatory 
properties [10,43,44]. A recent study, using polyphenols as an exercise supplementation, 
also detected those enzymes noted above [45]. However, though supplementation 
successfully enhanced exercise capacity, it failed to alter enzymatic response during 
FAO. Micro-nutrients may be too weak to alter the FAO profile, but the FAO profile 
was altered here by an eight-week KD. 
Recently, a research team from Japan reported that a 12-week KD managed to alter 
FAO-related mRNA expression, including CPT-1β and HADH, enhancing FAO capacity 
in both heart and muscle tissues [46]. Our studies have also confirmed that a KD is able 
to accelerate FAO, thus contributing to exercise capacity. However, when considering 
the potential adverse effect of a HFD, shorter periods involving a KD may be preferred. 
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Figure 4.6. mRNA expression of lipolytic enzymes immediately after exhaustion in 
gastrocnemius (A, C and E) and soleus (B, D and F). ATGL: adipose triglyceride lipase. HSL: 
hormone-sensitive lipase. LPL: lipoprotein lipase. * p < 0.05 and ** p < 0.01.  
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Figure 4.7. mRNA expression of fatty acid oxidation-related enzymes immediately after 
exhaustion in gastrocnemius (A, C, E, G and I) and soleus (B, D, F, H and J). ACO: acyl-CoA 
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oxidase. CPT-1 α: carnitine palmitoyl transferase–1 α. MCAD: medium chain acyl-CoA 
dehydrogenase. MCD: malonyl-CoA decarboxylase. HADH: hydroxyacyl-coenzyme A 
dehydrogenase. ns: no significance observed. * p < 0.05 and *** p < 0.001. Significant 
differences between groups are marked using slashes. 
4.3.6. Glycerol Profile after Exhaustive Exercise during Endogenous Ketosis 
As shown in Figure 4.8, in the KD + Ex group, a significant decrease in blood 
glycerol content was observed after exhaustive exercise. Interestingly, this effect was 
different in the control group. We also observed a relationship between glycerol 
concentration and running time. However, as shown in Figure 4.9, no significance was 
obtained.  
Glycerol supplementation was found to have an effect on aerobic and anaerobic 
performance, and other health purposes [47]. TG hydrolyzation is increased during 
exercise due to an enhanced energy need, whilst this hydrolyzation may also be 
increased by the need to maintain basal metabolism in the KD group where fat is the 
primary fuel. This may explain why at baseline, glycerol concentrations are higher, and 
why glycerol concentrations were increased significantly by exhaustive exercise in the 
Con + Ex group; a response was also reported by another study [45]. During biological 
esterification, glycerol is esterified with free fatty acids to form new TG molecules. 
Glycerol is also used for gluconeogenesis to promote glucose concentrations and 
maintain basal metabolism. During ketosis or exhaustive exercise, systemic 
gluconeogenesis and re-lipogenesis are both required, thus contributing to the 
hypothesis that glycerol will be highly consumed in the KD + Ex group. It may be 
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concluded that gluconeogenesis and re-lipogenesis are more flexible in KD subjects, 
indicating an enhanced metabolic flexibility resulting from a KD. 
 
Figure 4.8. Plasma glycerol concentration after exhaustion. ns: no significance observed. * p < 
0.05, ** p < 0.01 and *** p < 0.001. 
 
Figure 4.9. Correlation of plasma glycerol and exercise capacity. No significance was observed. 
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4.3.7. A Comprehensive Summary of This Study 
In our previous studies, we have reported that a KD can enhance exhaustive exercise 
capacity and a general metabolic profile during exhaustive exercise [10]. We presumed 
that this endurance enhancement may be attributed to enhanced ketolysis and lipolysis. 
Furthermore, we have previously reported that a KD may enhance plasma NEFA 
concentration restoration over 24 h recovery, after exhaustive exercise [27]. Therefore, 
when combined with the present results, we postulate that an eight-week KD may 
enhance “metabolic flexibility”.  
Metabolic flexibility is used as a term to describe the ability to adapt to conditional 
change in metabolic demand. While ingesting carbohydrate, employ a 
glycolysis-centered system; when fat is abundant and carbohydrate ran out, switch to a 
FAO or ketolysis-centered metabolism. An eight-week KD helped establish a 
lipid-focused metabolic system through keto-adaption, thus increasing metabolic 
flexibility [48]. This concept should not negate the conception of “glycogen loading” 
before competitions, but an adequate KD may help our body be more flexible during the 
choice of fuel usage during exercise. Compared to a glucose-centered metabolic system, 
a long-term KD feeding leads to an establishment of a fatty acid oxidation-centered 
metabolic system. Moderate training may enhance the ability to utilize ketone bodies as 
well as fatty acids, or increase fatty acid mobilization from adipose tissue to the 
circulation.  
We have also reported that an eight-week KD may increase intramuscular oxidative 
stress [27]. As discussed above, certain supplementation such as green tea extract or 
polyphenols may alleviate exhaustive exercise-induced oxidative stress, and those 
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anti-oxidants may then contribute to promote muscle health and exercise capacity [43–
45]. Further investigations examining these associations are required.  
4.4. Conclusions 
We reported that an eight-week KD enhanced exercise capacity, and suggested that 
mechanism involved in this response may be enhanced lipolysis and ketolysis; 
according to the metabolite profile observed before and after exercise. In the present 
study, we also investigated critical mRNA expression during fatty acid mobilization, 
FAO and ketolysis. We found that an eight-week KD may remodel the lipid metabolism 
profile, thus contributing to enhance exercise capacity. Furthermore, we found that a 
KD may alter the IL-6 synthesis and secretion profile, thus contributing to FAO and 
muscle damage prevention. Importantly, both the lipid metabolism and IL-6 secretion 
responses appear to have muscle fiber specificity. Taken together, the previous and 
present results revealed that an eight-week KD may: 1) enhance exercise performance 
by up-regulating ketolysis and FAO ability, and 2) have potential to prevent muscle 
damage by altering the IL-6 secretion profile. Therefore, a KD may be a promising diet 
approach for endurance sports and injury prevention. 
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Chapter 5. Keto-adaptation and endurance exercise capacity, fatigue recovery, and 
exercise-induced muscle and organ damage prevention 
This chapter is published as an article in Sports as: Ma, S., & Suzuki, K. 
Keto-Adaptation and Endurance Exercise Capacity, Fatigue Recovery, and 
Exercise-Induced Muscle and Organ Damage Prevention: A Narrative Review. Sports. 
2019, 7(2), 40. 
5.1 Introduction 
  Our metabolic system is remarkably flexible in its ability to use a variety of dietary 
macronutrients as fuels. Traditionally, carbohydrate-centered diets have been 
recommended for sports [1-5]. Carbohydrate-loading is one of the main nutritional 
strategies to improve exercise performance before crucial events [6-10]. However, for 
excellent athletes competing in endurance sports, this strategy may lead to an awkward 
dilemma. The capacity for the human body to store carbohydrates is limited, which is 5 
g glucose in blood circulation and ~100 g or ~500 g glycogen in skeletal muscle or liver. 
A person of average weight may store 10 kg fat in the body, which makes the person 
capable of completing >30 marathon races if the stored fat is effectively utilized [11-14]. 
However, the abundant carbohydrates in traditional high-fat diets may restrict us from 
utilizing fat [15-20]. Therefore, whether we can find an effective way to enhance fat 
utilization is an important question. 
  A ketogenic diet (KD) involves using fat, a high-density substrate, as the main source 
in daily calorie intake while restricting carbohydrate intake [21,22]. In this way, the 
liver is forced to produce and release ketone bodies into the circulation [2-26]. This 
phenomenon is called nutritional ketosis [27-29]. Over time, the body will acclimate to 
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using ketone bodies as a primary fuel, which is called keto-adaptation, an element of 
fat-adaptation [30-32]. Glucose oxidation requires 11 steps to produce energy, whereas 
fat and ketone bodies can quickly provide energy in only three steps [33,34]. In any case, 
the capacity for the body to reserve ketone bodies and fat is much stronger. Compared 
to glucose, ketone bodies are more energy-intensive, while a ketone body-centered 
metabolism has the potential to provide a consistent, fast energy supply [35]. Despite 
the potential to increase exercise performance and capacity, a KD may also contribute to 
muscle health by anti-inflammatory and anti-oxidative properties, thus preventing 
exercise-induced fatigue and muscle and organ damage [35-44]. Compared to glucose 
oxidation, fat-centered oxidation involves producing less reactive oxygen species during 
the process. Excessive free radicals and chronic inflammation are harmful to 
mitochondria, muscular cells, and whole-body health [45]. Long-term KD 
administration is linked with reduced inflammatory mediators by down-regulating 
NACHT, LRR, and PYD domain-containing protein 3 (NLRP3) inflammasome 
expression and reducing the generation of isoprostanes [46,47]. It is also reported that a 
high-fat diet could contribute to mitochondrial biogenesis and reduce mitochondrial 
autophagy, thus contributing to a rich mitochondrial reservoir in the muscle, boosting 
exercise performance, and contributing to athletes’ wellbeing [48,49]. 
  Given the solid basis of its potential to improve exercise capacity, numerous 
investigations on KD and exercise have been carried out in recent years. This review 
aims to summarize the recent literature (mainly articles published in the past three years) 
about the potential of KDs as a nutritional approach during endurance exercise, in a 
narrative way. We searched MedLine extensively with the Medical Subject Headings 
(MeSH term) diet, ketogenic, ketone body, ketosis, and related keywords to access 
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related articles. The main focus of this article is on endurance capacity, fatigue recovery, 
and the multi-faceted approach to prevent exhaustive exercise-induced muscle and 
organ damage. 
5.2 KD, Keto-Adaptation, and Endurance Exercise Capacity 
  In interesting research conducted in keto-adapted ultra-endurance runners, 
keto-adaptation promoted higher peak fat oxidation (2.3-fold higher compared to 
un-adapted athletes, n = 10) [50]. This result has been attributed to increased fat 
oxidation capacity. In 2016, an article from Cell Metabolism reported that exhaustive 
cycling performance was improved by nutritional ketosis [51]. In 2019, McKay and 
colleagues reported that in keto-adapted elite race walkers, after a standardized 19–25 
km race walk, IL-6, which is the myokine that may induce intense lipolysis, was 
measured. Subjects that adhered to a low-carbohydrate high-fat diet were significantly 
higher, exhibiting a potential performance enhancement in endurance capacity [52]. 
Parry and colleagues reported that in an experiment that lasted for 762 days, muscle 
mitochondrial volume was increased by a KD (citrate synthase in gastrocnemius, p < 
0.05 compared with the control, n = 8) [53,54]. Shimizu et al. reported that a 12-week 
KD combined with daily treadmill exercise induced higher gene expression in markers 
of fatty acid oxidation, as compared with the control diet combined with exercise (n = 6) 
[55]. We also reported that ketolytic metabolism and lipolytic metabolism were 
re-modeled by an eight-week KD in mice, therefore enhancing their endurance [35-38]. 
These results explain the partial mechanisms by which keto-adaption showed great 
potential in improving endurance exercise capacity. 
However, on the contrary, Zinn et al. reported in a pilot study that in New Zealand 
endurance athletes, KD increased benefit in body composition and wellbeing, but failed 
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to enhance endurance capacity [56]. The mean age of those subjects was 51.2 years old; 
thus, the generality of this study to younger athletes should be considered. Meanwhile, a 
low-carbohydrate, high-fat diet impaired exercise economy and performance after 
intensified training in a group of elite race walkers [57]. Human trials yielded 
complicated results, and this might be a result of complicate gene polymorphism 
between human individuals. In an animal model, however, eight weeks of KD 
significantly enhanced the endurance capacity of C57/BL6 mice (n = 8) [35,36,37]. In 
this study, a correlation existed between body weight and running time until exhaustion, 
with mice on heavier a KD running longer. This was attributed to keto-adaptation [35]. 
Since there was an inter-individual difference, the subjects possessing higher metabolic 
flexibility may prefer KD and reflect the weight change. After a two-month KD, the 
average weight of KD mice decreased by 30% compared with normal diet-fed mice 
[36]. 
5.3 Keto-Adaptation, Fatigue Prevention, and Recovery 
  Glycogen depletion, lactate accumulation, and oxidative stress are considered the 
main factors promoting exercise-induced fatigue. While lactate may not be a reason 
causing fatigue, a higher removal rate of lactate is usually employed as a post-exercise 
fatigue indicator. In 2014, Zajac and colleagues reported that a one-month KD improved 
the lactate threshold in off-road cyclists [50]. In the article published in Cell Metabolism, 
nutritional ketosis was induced. Lactate concentrations were significantly lower with 
KD administration, resulting in a 50% reduction in lactate concentrations 30 min after 
exercise commencement compared to the non-KD group [51]. Carr et al. reported that 
compared to high-carbohydrate groups, low-carbohydrate KD ingestion contributed to a 
lower lactate accumulation post-endurance exercise (n = 8) [58]. In an animal study, 
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after exhaustive exercise, muscle lactate was much lower in keto-adapted mice. After 24 
h of rest, plasma lactate dropped more quickly in the keto-adapted subjects, showing 
that keto-adaptation has the potential to prevent fatigue or boost recovery after subjects 
reach fatigue [37]. 
  In the study conducted in keto-adapted ultra-endurance athletes, after a 3-h 
submaximal exercise, muscle glycogen decreased in both KD-adapted athletes and 
un-adapted athletes, with no difference between them [59]. In another study, 
keto-adaptation contributed to a slower glycogen drop during 1 h of submaximal 
exercise [51]. These results imply the metabolic flexibility of muscle glycogen 
regulation via gluconeogenesis and the conservation of glycogen, thus potentially 
contributing to the prevention of fatigue. 
In a 762-day experiment conducted in sedentary rats, either muscle, liver, or brain 
superoxide dismutase (SOD) 1 and 2, catalase, glutathione peroxidase (GPX), and 
4-hydroxynonenal (4-HNE) conjugated protein were measured at the end, though no 
significance was observed [53]. In a mouse model involving exhaustive exercise, the 
hepatic protein carbonyl level was lower in the keto-adapted mice, whereas the same 
marker was significantly higher in the muscle tissue [37]. However, oxidative stress 
plays a subtle role in muscle hypertrophy; thus, reservations should be held on this issue. 
Evidence surrounding keto-adaptation and oxidative stress are limited; thus, future 
studies in this field are required. 
  On the other hand, it is also reported that a KD may induce fatigue perception, as a 
direct correlation between blood ketone bodies and fatigue was reported [60]. However, 
this study was conducted in overweight subjects, and the results may not relate to 
athletic groups. To summarize, though some negative results of keto-adaptation are 
 92 
reported, a solid basis and abundant evidence about the potential of KD on fatigue 
prevention and recovery makes it necessary to validate the efficacy of KD in future 
studies. 
5.4 Keto-Adaptation and Exercise-Induced Muscle/Organ Damage 
  Some scholars and researchers question whether a KD may contribute to weight loss, 
which may induce decreased muscle volume. However, in a randomized control trial, 
gymnasts consuming a one-month KD while receiving the same training did not lose 
muscle; instead, they experienced a non-significant increase of muscle mass (pre, 37.6 
kg ± 3.9 vs. post, 37.9 kg ± 4.5, n = 4). Meanwhile, their average weight and fat mass 
significantly decreased. Furthermore, exercise performance was not influenced. In 
comparison, a typical western diet did not cause any significant difference in the 
experimental period [61]. Animal experiments have also provided evidence. An 
eight-week KD enhanced endurance exercise capacity in mice, while the percentage of 
muscle mass was not altered [37]. Kephart et al. conducted a three-month 
KD-intervention experiment in CrossFit trainees [62]. The authors warned that though 
no significance was observed in the present study, KD may reduce leg muscle mass; that 
is to say, prolonged KD may negatively influence muscle mass. However, combining 
long-term KD with other supplementation or periodic nutritional strategies may be a 
solution to counteract any loss of mass. 
  Blood levels of creatine kinase (CK) and lactate dehydrogenase (LDH) are usually 
used as muscle-damage markers. In Zajac’s research, a four-week KD significantly 
decreased CK and LDH activities, both at rest and after a 105-min cycling exercise [50]. 
Similar results were also found in animal studies. After a 24-h rest post-exhaustive 
exercise, plasma CK was reduced in KD-fed subjects, while in the normal-fed subjects, 
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plasma CK was still significantly elevated due to the influence of acute exercise [37]. 
Organ damage-preventive effects were also reported. Blood urea nitrogen (BUN) and 
alanine transaminase (ALT) were usually employed as markers of exercise-induced 
acute renal damage and acute hepatic damage. In the previously narrated experiments, 
both markers were significantly decreased by a KD following an exhaustive exercise, 
both immediately after exercise and 24 h post-exercise [35,36]. 
5.5 Prospect: Combination of a KD with Other Supplementations, Exogenous 
Ketone Bodies, and Their Limitations 
  Though solid evidence has been collected about the potential of KD as a nutritional 
approach, based on recent studies, it is also worth addressing that a traditional KD may 
have limits and flaws. In a recent study, following a 12-week KD, corpuscular 
hemoglobin and mean corpuscular hemoglobin concentration decreased within 
endurance athletes (n = 9) [63]. Iron inefficiency and other pathological conditions may 
contribute to the above results, thus impairing endurance exercise capacity. Red blood 
cell status may need to be occasionally measured for athlete wellbeing. Vitamin E and 
iron supplementation or a high-altitude training plan that could promote erythropoietin 
production may help to resolve this problem [64-66]. 
  As we discussed above, a KD may induce muscle loss and excess oxidative stress. To 
prevent oxidative damage, oxidative state and muscle mass may need to be occasionally 
monitored; antioxidant consumption is also recommended [37]. Green tea extract, 
curcumin, and some polyphenols have been extensively reported for their anti-oxidative 
properties together with endurance-enhancing properties; thus, the combination of KD 
and such antioxidants may be preferred [67-84]. Branched-chain amino acids (BCAA) 
are widely reported for their protective effects on muscle atrophy and muscle damage, 
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and the combined use of BCAA or BCAA-like supplements and KD may be preferred 
to sustain muscle mass [85-91]. 
  Another supplement that should be addressed is ketone supplements. These 
supplements usually constitute β-hydroxybutyrate [92-94]. Exogenous ketone body 
ingestion could elevate blood ketones in a short time and induce acute ketosis [93-97]. It 
is reported that one-week or eight-month administration of ketone salt supplementation 
may be beneficial for multi-organ markers of oxidative stress and mitochondrial 
function [98]. However, there is insufficient data to prove whether exogenous ketone 
ingestion could successfully induce keto-adaptation, and the presumption itself may be 
speculative [99]. 
  In a recent review about nutritional supplements that could induce ketosis, a negative 
conclusion was also reported; exogenous ketones may inhibit endogenous ketone 
production, and this application is more of mimicking effects [100]. KD was reported to 
cause hepatic insulin resistance in several studies, which could be attributed to increased 
hepatic diacylglycerol content that may lead to impaired insulin signaling. Hepatic 
steatosis and inflammation, as well as increased endoplasmic reticulum (ER) stress, 
were found in mice fed by a 12-week KD. Increased accumulation and size of 
macrophages were found in 12-week KD-fed mice, indicating that long-term KD 
application may aggravate exercise-induced inflammation. Apoptosis-related gene 
X-box binding protein 1 (Xbp1) was found to increase in the liver, indicating ER stress 
and hepatocyte apoptosis. A histological study showed that KD induced obvious fat 
vacuoles [101]. As the primary site for lipid metabolism, patients with impaired hepatic 
function, such as nonalcoholic fatty liver, should be cautious. Pancreas α-cell and β-cell 
masses were both reduced following a 22-week KD administration, thus leading to 
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glucose intolerance [102]. Restricted intake of carbohydrate-enriched fruits or cereals 
may induce a headache, according to several KD studies [103,104]. A multi-task test 
that requires higher mental processing may be adversely affected by the KD according 
to a study [105]. These are potential symptoms that might happen during 
keto-adaptation and continual ketosis. A KD has potential and limitations, and further 
studies are warranted to investigate the combination of KD and other supplementations, 
or how to apply KD as a periodic nutritional approach, in order to discover a strategy 
for KD application.  
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